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 ABSTRACT 
One of the most destructive pathogens of canola (Brassica napus L.) is Leptosphaeria 
maculans (Desm.) Ces. & De Not., which causes blackleg disease. This fungus produces strains 
with different virulence profiles (pathogenicity groups, PG) which are defined using differential 
cultivars Westar, Quinta and Glacier. Besides this, little is known about other traits that 
characterize these groups. The objective of this study was to characterize the aggressiveness of L. 
maculans PG 2, 3, 4, and T. The components of aggressiveness evaluated were disease severity 
and ability to grow and sporulate in artificial medium. Disease severity was measured at different 
temperatures on seedlings of cv. Westar inoculated with pycnidiospores of 65 isolates. Highly 
significant (α=0.05) interactions were detected between colony age and isolates nested within 
PG’s. Warmer temperatures resulted in increased severity by all PG. These studies allowed the 
identification of aggressive isolates to be used for screen breeding lines for resistance. 
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 CHAPTER 1. GENERAL INTRODUCTION 
Blackleg is an economically important disease world-wide that affects plants within the 
family Brassicaceae. The disease has been present for more than 85 years in Australia 
(Sivasithamparam et al., 2005), 70 years in Europe (Aubertot et al., 2004), 35 years in Canada 
(Petrie, 1978) and 20 years in the United States (Lamey and Hershman, 1993) where it has 
caused significant yield losses (West et al., 2001; Howlett, 2004). Blackleg incidence and 
severity differ among growing seasons (Howlett, 2004) and growing regions, as it is influenced 
by cultivars (Aubertot et al., 2006), agricultural practices (Aubertot et al., 2004) and 
environmental conditions (Sosnowski et al., 2004).  
Leptosphaeria maculans (Desmaz) Ces. & de Not (anamorph = Phoma lingam (Tode ex 
Fr.) the dothideomycete that causes blackleg is a pathogen that produces different virulence 
profiles and secondary metabolites or phytotoxins. Earlier efforts to distinguish between 
virulence groups classified L. maculans strains as aggressive or highly virulent (group A) which 
cause stem canker and nonaggressive (group B) or weakly virulent that do not cause stem canker 
(Howlett et al., 2001), based on the phenotypic reaction on the cotyledons of susceptible canola 
(B. napus) cultivar “Westar”. Later on, four highly virulent or aggressive pathogenicity groups 
(PG) of L. maculans were recognized, 2, 3, 4 and T, based on the phenotypic reaction of canola 
differentials ‘Westar’, ‘Quinta’ and ‘Glacier’ (Keri 1999; Koch et al., 1991; Mengistu et al., 
1991). Isolates from group B, weakly virulent or nonaggressive, were considered as PG-1, but 
more recent studies have classified them as Leptosphaeria biglobosa Shoemaker & Brun; strains 
from this species do not produce phytotoxins and/or sirodesmins in liquid media (Shoemaker and 
Brun, 2001).   
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 The genetic composition of L. maculans populations can change in reaction to the genetic 
composition of canola cultivars available for infection. For example, in North Dakota highly 
virulent strains of PG-2 were predominant in years prior to 2004 (Chen and Fernando, 2006). 
Since 2004, however, isolates from PG-4 isolates have become predominant with PG-3 being in 
second place and PG-T in third. The near nonappearance of PG-2 isolates in canola fields 
sampled between 2004 and 2009 indicate they have been replaced by the pathotypes mentioned 
above (Nepal, 2013).  
Perhaps the most evident phenotypic difference between isolates from PG-2 and those 
from other PGs is their ability to interact with different resistance genes in canola plants. Most 
canola cultivars planted in North Dakota carry resistance genes Rlm2 and/or Rlm3 and thus are 
resistant to infection by isolates from PG-2. Isolates from PG-3 can infect plants carrying Rlm2 
and/or Rlm3 but the presence of Rlm1 provides some protection against it. Isolates from PG-T 
infect plants carrying Rlm2 but the presence of Rlm1 and/or Rlm3 provide some protection 
against them. In contrast, to these groups, isolates from PG-4 can infect plants that carry any of 
the resistance genes listed (Nepal et al., 2014). The absence of effective resistance among 
commercially available canola cultivars against this group adds a sense of urgency to the 
identification of sources of effective resistance against these groups. No other phenotypic 
differences among these PGs have been investigated. 
Characterization of different isolates within each of these pathogenicity groups will 
improve our understanding of this pathogen and will allow us to identify isolates that could help 
speed up the process of selection of resistant materials. Therefore, our study focuses on the 
following objectives: 
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 I. To measure the effect of colony age (7, 10, 14 and 21 days old) and temperature (15°C, 
20°C, 25°C and 30°C) on the aggressiveness of L .maculans pathogenicity groups (PG-2, 
PG-3, PG-4 and PG-T) on cotyledons of B. napus susceptible cultivar ‘Westar’. 
II. To measure L. maculans pathogenicity groups (PG-2, PG-3, PG-4 and PG-T) mycelia 
growth and pycnidiospores production at different temperature (15°C, 20°C, 25°C, and 
30°C) and different artificial culture media. 
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 CHAPTER 2. LITERATURE REVIEW 
The Pathogen: Leptosphaeria maculans 
 Leptosphaeria maculans (Desm.) Ces. & de Not [anamorph = Phoma lingam (Tode:Fr.) 
Desm.], is an economically important plant pathogenic ascomycete that causes blackleg or 
phoma stem canker disease on cruciferous crops and serious yield losses worldwide. The sexual 
stage of this fungus produces pseudothecia, whereas the asexual stage produces pycnidia. 
Independently of their taxonomic status, strains of L. maculans have been classified as 
aggressive or virulent (A) and non-aggressive or avirulent (B), but other characteristics like toxin 
production, genetic phenotypes, and ITS sequencing analyses have also been used (Howlett et 
al., 2001). Isolates from pathotype B cause leaf lesions, superficial stem cankers that do not kill 
plants and have been recently moved into a different species, L. biglobosa. In contrast, pathotype 
A isolates can produce deep stem cankers that could kill plants as well as leaf lesions. Pathotype 
A isolates have been further divided into pathogenicity groups 2, 3, 4 and T based on the 
reactions of Brassica napus differential canola cultivars “Westar”, “Glacier” and “Quinta” to 
cotyledon inoculations (Koch et al., 1991). In Europe and North America, L. maculans 
frequently co-exists with L. biglobosa (West et al., 2002). These two species are believed to have 
evolved from a common ancestor (Gudelj et al., 2004). In this thesis, the taxonomy and other 
characteristics of L. biglobosa will not be discussed further.   
Classification of L. maculans 
 Kingdom: Fungi 
    Phylum: Ascomycota 
       Class: Dothideomycetes 
          Order: Pleosporales 
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              Family: Leptosphaeriaceae  
                Genus: Leptosphaeria 
                   Species: maculans (Desm.) Ces. & De Not. 
 This fungus was first described in 1791 by Tode (cited in Williams, 1992) on dead red 
cabbage stems as a saprophytic organism who named it Sphaeria lingam. Later, in 1849, 
Desmazieres collected the same fungus from living Brassica oleracea plants and classified it to 
the genus Phoma [Phoma lingam (Tode ex Fr.) Desm. (1849)] (Williams, 1992). Over the years 
various other names were used to refer to this fungus such as Phoma brassicae, Phoma oleracea 
and other generic epithets (Boerema, 1976). The sexual form of P. lingam was described in 1957 
in New Zealand, and the identity of this fungal organism was confirmed as Leptosphaeria 
maculans (Desm.) Ces. & De Not. with its anamorph or asexual from as Phoma lingam (Tode ex 
Fr.) Desm. 
Morphological features of L. maculans 
  L. maculans produces pseudothecia on infected leaves (Fig. 2.1A) and stubble of 
Brassica plants. The pseudothecia are black, globose fruiting bodies with ostioles (Fig. 2.1B) and 
a diameter that ranges between 300-500 µm; pseudothecia are immersed in the host tissue, and 
become erumpent when mature (Fig 2.1C). The pseudothecia are composed of hyaline, septate, 
filiform pseudoparaphyses (Naseri, 2006). These contain cylindrical to clavate, numerous 
bitunicate asci (80-125 x 15-22 µm) (Fig. 2.1D) with eight ascospores (35-70 x 5-8 µm) per 
ascus. The ascospores are biseriate and have a cylindrical to ellipsoidal shape with mostly 
rounded ends. These ascospores are yellow to brown in color, with 5 transverse septa, and each 
cell contains one to several drops of fat or small oil drops  (Fig. 2.1E) (Williams, 1992; Ash, 
2000).  
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  The anamorph stage of this fungus is Phoma lingam, which forms pycnidia in leaf spots 
and decaying stems of infected canola plants. Two types of pycnidia are found on infected plant 
tissues, the type I pycnidia are immersed in the host tissue. These pycnidia lack a definite shape; 
have narrow ostioles, and have thick-walled cells. While type II pycnidia are globose and black 
with a wall composed of several layers of cells with a thick-walled outer layer (Ash, 2000). 
Asexual spores or pycnidiospores (conidia) produced in pycnidia are extruded through the 
pycnidial ostioles in a pink to amethyst mucilage (Fig. 2.1F and 2.1G) (Boerema, 1976; 
Williams, 1992). Pycnidiospores (3-6 x 1.5-2 µm) are unicellular, cylindrical and hyaline, 
although a few may be curved (Smith & Sutton, 1964).  
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Figure 2.1. Leptosphaeria maculans pycnidia on host tissue (A), pseudothecia with ostioles (B), 
sexual fruiting bodies (C-D) and ascospores (E), asexual fruiting bodies (F), colony growth on 
artificial medium (G). Figures from Ash, 2000; West et al., 2001; Howlett et al., 2001.  
 
Biology and ecology of L. maculans 
 L. maculans has a complex life cycle, which includes alternating phases of saprophytism 
on stem residues, then, a long phase of endophytism within plant tissues and eventually 
necrotrophy on the leaves and at the basis of the stem, killing the plant. L .maculans is 
A B 
G F E 
D C 
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 heterothallic, i.e. two different mating types must be present for sexual reproduction to occur 
(Williams, 1992). In artificial medium, V8 juice agar, the fungus is cultured under white light 
(500 μmol m2s-1) at 10-25º C to stimulate production of pycnidiospores (Xu et al., 1987; 
Vanniasingham and Gilligan, 1989). 
Sexual recombination is important for the L. maculans life cycle because it increases 
population variability and its ability to overcome resistance on plant host cultivars. To 
characterize the variability of L. maculans populations, genetic studies have been performed 
utilizing polymorphism at variable number tandem repeat (VNTR) loci using minisatellites 
consisting of tandemly repeated polymorphic regions in BAC-end sequencing. The single locus 
minisatellite markers are used to isolate a specific segment of DNA that can be amplified 
through PCR. A few minisatellites have been characterized in fungi, such as MinLm1 in L. 
maculans (Attard et al., 2001). By the construction of a genetic map of L. maculans, five new 
minisatellite (MinLm2-MinLm6) have been identified and characterized (Eckert et al., 2005).   
 Blackleg on canola is usually a monocyclic disease (West et al., 2001) and epidemics are 
initiated by ascospores (Barbetti 1975; McGee, 1977). The disease cycle (Fig.2.2), start with 
primary signs and symptoms of infection that are visible on the cotyledons and first leaves on 
canola (Markell et al., 2008; Kandel et al., 2011). After the initial infections in the cotyledons 
develop, the fungus enters the endophytic phase and moves into the stem and down towards the 
crown area. Once in the crown area, the fungus enters the necrotrophic phase again producing 
secondary metabolites (phytotoxin), such as sirodesmin PL, which retards the growth of the 
plant, and other enzymes that kill cells and contribute to the formation of stem cankers (Ferezou 
et al., 1977). On more mature leaves, the pathogen produces lesions that are round to irregular 
and may be surrounded by a yellow halo. These leaf spots enlarge and form pycnidia. Pycnidia 
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 also are produced in the center of sunken lesions in the stem, which disrupt water and nutrient 
transport between leaves and the root system, reduce yield and vigor, and eventually lead to the 
death of the plants. After harvest, the fungus survives on the infected crop residues in the form of 
pycnidia or pseudothecia for several years.  
During the spring, under favorable conditions, the pseudothecia produce ascospores that 
are dispersed by the wind and infect new canola seedlings. After ascospores are released, they 
can survive dry conditions at 5°C to 20°C for 30 days (Huang et al., 2003).  Ascospores enter 
young leaves and cotyledons through the stomata or wounds to initiate a new cycle of infections. 
After germination the ascospores, can produce appressorium-like structures to penetrate the leaf 
tissue (Huang et al., 2003).  In addition, L. maculans produces a wide range of cell wall 
degrading enzymes that can help the pathogen penetration into the leaves (Annis & Goodwin, 
1996). After the initial infection, the fungus colonizes the intercellular spaces between the 
mesophyll cells and grows through the xylem parenchyma and cortex (Naseri, 2006) towards the 
stem crown. On leaves, after colonization, the pathogen becomes necrotrophic and later produces 
pycnidia in the dead tissue (Hammond et al., 1985).  The pycnidia produce millions of 
pycnidiospores which act as secondary inoculum and are spread by direct contact or by rain. 
Pycnidiospores infect through stomata or wounds of neighboring leaves and brassica plants. 
Fungal activity in the stem leads to the death of stem cortex cells causing blackened cankers 
which provide the basis for the disease name blackleg). In extreme cases the cankers can 
surround completely the stem of canola plants. Also, the pathogen can survive in infected seeds. 
Seed infection has epidemiological value as infected seeds can start an epidemic, because the 
infected plant grows with the pathogen and spreads the disease.  
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 Temperature and moisture are the two most important environmental conditions for the 
development of L. maculans spores. A rainy environment increases disease severity, causing 
secondary infections by conidia dispersal through rain splash (Toscano-Underwood et al., 2003). 
Hail storms also increase disease severity. Temperatures below 50o F (10º C) or higher than 80o F 
(26º C) reduce the ability of the fungus to cause infection, but temperatures in the lower side do 
not stop them completely. Long periods of rain and 70o F (21º C) temperature are favorable for 
disease development (Markell et al., 2008) in North America.   
 The survival structures of the fungus, such as pycnidia (pycnidiospores), pseudothecia 
(ascospores) and mycelium can survive for up to  5 years on canola stubble or residues (McGee, 
1977). On the other hand, pseudothecia naturally is formed on woody remains and begin to 
appear from 1 to 10 months after harvest as long as the infested crop residue persists (Petrie, 
1986). Nevertheless, stem cankering is the major cause of yield loss worldwide in canola 
growing regions, affecting plant development and seed production (Howlett et al., 2001).  
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Figure 2.2. L. maculans life cycle on B. napus (canola). Fig. adapted from Howlett et al., 2001.  
 
 Some fungi can produce plant defense responses such as secondary metabolite toxins that 
play an important role in the pathogenicity. The specie L. maculans can produce secondary 
metabolites such as sirodesmin PL is a non-host-selective phytotoxin that works as part of a 
multifaceted strategy to obtain nutrients from the host plant (Elliot et al., 2007). The phytotoxins 
and elicitors are secondary metabolites produced by L maculans. The known phytotoxins of this 
fungus are the sirodesmin PL and the deacetyl-sirodesmin PL, which induced the production of 
phytoalexin spirobrassinin in both resistant plant species (brown mustard, Brassica juncea cv. 
Cutlass) and susceptible plant species (canola, B. napus cv. Westar) (Yu, 2008). New metabolites 
had been found such as leptomaculins A-E and deacetyl-leptomaculins C-E were the elicitor-
phytotoxin active fractions do not display detectable elicitor activity. Also, other metabolites 
found in L. maculans such as maculansins A and B displayed higher phytotoxicity on canola and 
white mustard (Sinapis alba cv. Ochre). Other toxin produced in Minimum media (MM) with 
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 high concentration of NaCl is the metabolite known as bulgarein that is involved in the self-
protection of the pathogen. 
 In response to the presence of toxins produced by the pathogen, the host (Brassica spp.) 
produces phytoalexins which are toxic to the pathogen. These chemicals which are part of the 
defense system of the plants usually have one indole or indole-related ring system and one sulfur 
atom in their structure. The phytoalexin brassinin is metabolized and detoxified through different 
mechanisms by L. maculans (Pedras and Taylor, 1993; Pedras, 1998; Pedras et al., 2000). 
Brassinin which is a precursor of several other phytoalexins inhibits the biosynthesis of 
sirodesmin PL. The inhibition of this phytotoxin slows down the cellular damage caused by the 
fungus.  
The interactions between Brassica spp. and L. maculans are complex because of the lack 
of standardization of homogenous differential cultivars and virulence testing. A lot of genes that 
confers cotyledon resistance have been mapped in B. napus as well as many fungal avirulence 
genes (AvrLm1, AvrLm2, and AvrLm4), which confers avirulence to several B. napus cultivars 
(Ansan-Melayah et al., 1995; Balesdent et al., 2002).  
Phylogeny of L. maculans 
Ascomycota is the largest phylum of the kingdom Fungi, with approximately 64,000 
known species (Kirk et al., 2008). These species are characterized by the formation of fruiting 
bodies known as ascomata or ascocarps in which asci are produced. Ascospores are produced in 
asci, typically eight spores per ascus. Mycelium of these fungi has simple septa with simple 
pores and Woronin bodies. Molecular phylogenetic analyses of nuclear and mitochondrial 
ribosomal RNA genes and protein-coding genes support the notion that the Ascomycota phylum 
is a monophyletic group, with all species descending from a common ancestral species (James et 
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 al., 2006).  Basidiomycota is the sister group of Ascomycota, meaning that these terrestrial fungi 
are close relatives (Berbee, 2001). Using 18S rRNA phylogeny, Berbee and Taylor (1993) 
estimated that the Ascomycota and Basidiomycota diverged 400 million years ago. Other studies 
have suggested that the divergence was 1.2 billion years (Heckman et al., 2001). However, 
Berbee and Taylor (2000) suggest that Ascomycota and Basidiomycota have co-existed for 460 
million years ago with land plants, which had been the main nutrient source for these fungal 
groups. 
 There are three main subphyla, in Ascomycota, each including saprobes on plant 
materials, as well animals and human pathogens. The first subphylum to diverge was the 
Taphrinomycotina (Nishida and Sugiyama, 1994). This subphylum’s genera range from fungal 
obligate plant pathogens to fission yeasts that are pathogenic or saprobicon animals. The next 
two subphyla are Saccharomycotina and Pezizomycotina. The Saccharomycotina includes more 
than 40 genera, but only one genus, Candida, is pathogenic to human and one, Emerothecium, is 
a plant pathogen (Berbee, 2001). As for the subphylum Pezizomycotina, it includes more than 
3000 genera most of which are pathogens and mutualists. Pezizomycotina contains plant 
pathogenic fungi that are distributed in three classes, Sordariomycetes (=Pyrenomycetes), 
Dothideomycetes (=Loculoascomycetes, in part), and Leotiomycetes (inoperculate 
discomycetes) (Berbee, 2001).  
 The Pleosporales is the largest order in the class Dothideomycetes, they are endophytes. 
The identification of species in this group is mostly based on the ascomatal morphology, ascal 
arrangement, shape of ostioles, ascospores characteristics and their life cycle habitats, but in 
recent years phylogenetic analyses have been used to confirm identity and taxonomic 
classification. Biological characters such as metabolite production, substrate staining reactions, 
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 and host spectrum have been used to distinguish between genera, i.e. Phaeosphaeria Miyake and 
Leptosphaeria Ces. & De Not.  The family Leptosphaeriaceae is likely paraphyletic and 
comprises two teleomorphs genera Leptosphaeria and Neophaeosphaeria, but contains several 
anamorphs such as Chaetodiplodia, Coniothyrium, Phoma, Plectophomella and Pyrenochaeta 
(Wehmeyer 1975, de Gruyter et al. 2009). An important plant pathogenic fungi genus and one of 
the largest genera in this family is Leptosphaeria, which is a dematiaceous (phaeoid, or dark-
walled) filamentous fungus found in the soil and grows in a teleomorphic phase. One important 
species of this genus is L. maculans (Desm.) Ces. & De Not. Which has as anamorph Phoma 
lingam (Tode) Desm.. L. maculans is a species complex associated with “stem canker” or 
“blackleg” blackleg disease on crucifers regardless of geographical and host plant considerations 
(Mendes-Pereira et al., 2003). 
 Molecular studies have established Leptosphaeria s. str. as a putative monophyletic clade 
to include L. maculans, L. conferta, L. congesta, L. dryadis, L. weimeri and L. doliolum (Camara 
et al., 2002). This clade contains species that are pathogenic on dicotyledonous plants and have 
Phoma anamorphs. Several techniques have been developed to differentiate between components 
of the L. maculans species complex including virulence studies on Brassica species (Koch, 
Badawy & Hoppe 1989, Badawy, Hoppe & Koch 1991); the host plant from which isolates were 
obtained from differentiating 'Brassica', 'Sysimbrium', 'Thlaspi', 'Erysimum', 'Lepidium' and 
'Descurainia' isolates (Petrie, 1969); RFLP studies differentiating between L. maculans groups 
(A and B) (Johnson and Lewis 1990); production of toxic secondary metabolites leading to the 
Tox+ / Tox0 terminology (Balesdent et al., 1992); and additional RFLP studies supported by 
soluble protein and isozyme studies leading to the NA1, NA2 and NA3 subgrouping (Koch et al., 
1991; Balesdent et al., 1992; Gall et al., 1995) cited  in Mendes-Pereira et al. (2003). 
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  The studies conducted by Mendes-Pereira et al. (2003), used ITS sequencing for 
phylogenetic species recognition within the L. maculans species complex. Their studies 
established a strongly supported clade encompassing three very closely related species L. 
maculans, L. biglobosa, L. conferta. Within this clade, two very strongly supported clade were 
determined, the first one encompassing the ‘Brassica’ Tox+ and ‘Lepidium’ Tox+ isolates, which 
L. maculans s. str. strongly support in this clade. As for the second clade, it includes all the 
others Tox0 isolates, where L. biglobosa is strongly supported from various cruciferous hosts. 
However, these two species show difference in terms of ITS sequence polymorphism, because L. 
biglobosa ‘brassicae’ is highly monomorphic, whereas L. maculans ‘brassicae’ is non-negligible 
of ratio polymorphic. The high level of polymorphism in ITS sequence of L. maculans 
‘brassicae’ is quite unusual. It could be hypothesized that is currently an expanding species. Also 
the presence of only one of the two species (L. maculans and L. biglobosa) in a certain region or 
area could suggest geographic segregation forcing the species to biological evolution. 
L. maculans virulence profiles 
 As discussed previously, L. maculans has been broadly characterized through 
morphological, physiological, biochemical and genetic studies. Their ability to cause severe 
cankers on B. napus cultivars was used to classify them as pathotypes “A” or virulent and 
pathotype “B” or avirulent. The differences between pathotypes A and B were supported by 
isozyme variation and soluble proteins (Gall et al., 1995), as well as by molecular genetic studies 
of ITA regions of rDNA (Balesdent et al., 1998), RAPD (Goodwin and Annis, 1991) and AFLP 
analysis (Purwantara et al., 2000). Isolates from pathotype “A” were further classified into 
pathogenicity groups (PG) 2, 3, T, and 4 based on the reaction of B. napus differential cultivars 
‘Westar’, ‘Quinta’ and ‘Glacier’ to them (Mengistu et al., 1991; Keri et al., 2001; Chen and 
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 Fernando, 2005) while all pathotype “B” isolates were classified as PG-1. The phenotypic 
reaction of the B. napus differential cultivars to isolates from these pathogenicity groups is 
presented in table 2.1. Pathotype “B” isolates have been recently classified as a different species, 
L. biglobosa (Shoemaker and Brun, 2001).  
Table 2.1. Phenotypic reaction of B. napus differentials cultivars to inoculations with L. 
maculans isolates from different pathogenicity groups. 
                                                                     Differential cultivars x 
 
Pathogenicity Groups  
Westar  Quinta Glacier  
(-) (Rlm1, Rlm3)  (Rlm2, Rlm3) 
1* Ry R R 
2 S I R 
3 S I S 
T S S I 
4 S S S 
x Resistance genes present in differentials is included in parentheses. 
y Phenotypic reaction; R= Resistance, I=Intermediate resistance and 
S=Susceptible. 
*PG-1 has been recognized as L. biglobosa by Shoemaker and Brun (2001). 
 
Aggressiveness, fitness and virulence of L. maculans 
 Understanding why and how plant pathogens infect and harm their cultivated host plants 
is fundamental in plant pathology. When a plant pathogen interacts with its host the outcome 
ranges from disease (susceptibility) to no disease (resistance) with many intermediate levels in 
between. This range is affected not only by the genetic composition of the plant but also by that 
of the pathogen. In characterizing the ability of organisms to cause disease, Van der Plank (1963) 
defined the term aggressiveness as “the non-specific component of pathogenicity”. In other 
words, it describes a quantitative component of pathogenicity that is not dependent on the 
genetic composition of the host but on that of the pathogen. In this way, to characterize the true 
aggressiveness of a pathogenic organism one should measure it in a host that does not have 
resistance genes. This is especially true when one is trying to determine whether a particular race 
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 or in the case of L. maculans a particular pathogenicity group is more or less aggressive than 
other. The presence or absence of resistance genes in the host is less important if one is interested 
in comparing the aggressiveness of isolates that belong to a single race or pathogenicity group. In 
this research, we are interested in comparing the aggressiveness of different pathogenicity groups 
as well as of isolates within the same groups.  
Pariaud et al. (2009) provided another definition of aggressiveness; they called it a 
quantitative measure of pathogenicity and spread, that can be manifested at pathogen population 
level (rate of spread of a new strain) and at the host plant level (amount of yield loss or 
infectiousness caused by an organism). Virulence is the ability of the pathogen to cause more or 
less disease in a host; to an extent, virulence could be considered a synonym of aggressiveness.  
Fitness is the ability of the pathogen to transmit the disease from host to host. Usually, 
aggressiveness is measured using quantitative traits such as infection efficacy, duration of latent 
period, amounts of spore production and lesion size; in some pathogens it is also measured by 
the amount of mycotoxins produced (Mehta and Zadoks, 1970; Sache, 1997). For instance, the 
infection efficacy is the ability of a pathogen to cause infection and is usually expressed as 
percentage, for example an infection efficiency of 60% means that from every 100 spores that 
land on the plant host, 60 will produce a lesion (del Rio, personal communication). Meanwhile, 
the latent period is the time between infection and sporulation (Shaner, 1980). The spore 
production rate is the quantity of spore produced per lesion and unit of time (Clifford and 
Clothier, 1974; Sache, 1997). As for the infectious period, it is defined as the period in which the 
pathogen is actively producing spores (Leonard, 1969; Robert et al., 2004).  
The aggressiveness of a pathogen can be affected by environmental conditions 
(temperature and humidity), host physiological stage (tissue age) and the pathogen physiological 
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 state (Pariaud et al., 2009). Thus, whenever a trait that is associated with aggressiveness is 
measured, one has to provide information regarding the conditions under which the trait was 
evaluated. For example, studies on Puccinia triticina isolates showed that spore production rate 
is affected by the temperature; cooler temperature, ranging between 2-18°C result in lower spore 
production than warmer temperatures that range between 10-30°C (Milus and Line 2006). Also it 
was observed that spore production of two P. triticina culture isolates was different when 
infecting seedlings compared to infecting adult plants. The variability in aggressiveness also 
depends on the pathogen physiological state.  
Some studies suggest that aggressiveness traits are governed by many genes (Blanch et 
al., 1981; Caten et al., 1984; Hawthorne et al., 1994; Cumagun and Miedaner, 2004). But 
empirical evidence has found genetic control of only a few aggressiveness components. 
Nevertheless, if the aggressiveness components are inherited, then the evolution of 
aggressiveness will be formed by genetic traits. These genetic components, are the variability 
and heritability for pathogen population’s aggressiveness and qualitative virulence (Pariud et al 
2009).   
The Plant Host: Brassica napus 
              The Brassicaceae (Cruciferae) or mustard family contains approximately 380 genera and 
3,200 species. This family includes several crop plants that are grown for oil, condiments, 
forage, and fodder for animals, or as vegetables (Crisp, 1976; Simmonds, 1986). Some of the 
genera that belong to this family are Brassica, Erysimum, Cakile, Cardamine, and Raphanus.  
The genus Brassica contains 37species and include some of the most important crops grown 
worldwide (Gomez-Campo, 1980). The species in this genus provide edible roots, leaves, stems, 
buds, flowers, and seeds. Including varieties of B. oleracea L. (broccoli, Brussels, sprouts, 
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 cabbage, cauliflower, kale); B. juncea (L.) Czern. (Indian mustard); B. nigra (L.) W. D. J. Koch 
(black mustard); B. rapa L. (Chinese mustard, and Chinese cabbage); B. napus L. var. napus 
(rape) and others (Koch et al., 2003). Brassica wild relatives provide nuclear genes that could be 
used as sources of resistance to certain diseases and could be used to develop hybrid seeds in 
breeding programs (Rakow, 2004). 
Economic importance  
  Brassica napus known as rape, rapeseed or canola is a crop economically important 
worldwide. The crop has grown rapidly over the past 40 years, rising from being the sixth largest 
oilseed crop to being only second to soybean. It is cultivated extensively in India, China, Canada, 
Europe (France, Germany, and UK), Australia and USA. In North America B. napus cultivars 
are grown in the Northern Plains, in an average of 510,000 ha/year (USDA-NASS, 2014). 
Canada and Australia are the major rapeseed exporting countries while the production in other 
countries is locally consumed (Kimber and McGregor, 1995). The major producer of canola in 
the USA is North Dakota, leading the country with approximately 85 percent of the domestic 
production in 2014 and amounted approximately 725,747kg with an estimated market value of 
$440 million (USDA-NASS, 2014). 
History of canola 
Oilseed rape was cultivated by ancient civilisations in Asia and the Mediterranean as 
early as 2000 BC and has been grown in Europe since the 13th century for its use as oil for lamps 
(Colton and Sykes, 1992). Oilseed rape was first grown commercially in Canada in 1942 and its 
oil was used as lubricant in warships. In Australia, the crop was first grown commercially in 
1969. The oil produced by oilseed rape was unsuitable as food source for humans or animals due 
to the presence of two naturally toxics components, erucic acid and glucosinolates. However, in 
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 the 1970’s, intensive plant breeding efforts in Canada, Australia and several other countries, 
succeeded in producing high quality varieties with ever lower quantities of erucic acid and 
glucosinolates. Then in 1978, the Western Canadian Oilseed Crushers Association registered 
these varieties under the denomination of "canola" for marketing reasons. In the following 10 
years, European seed producers developed rapeseed lines with lower erucic acid and 
glucosinolates too and denominated them "double-zero" or "canola-equivalent”. The term canola 
is an acronym for “Canadian Oil, Low Acid that refers to B. napus varieties that contain “oil with 
less than 2% erucic acid and meal low in glucosinolates (less than 30 μ moles/g)” (Canola 
Council of Canada, 2014 www.canolacouncil.org). The glucosinolates are 3-butenyl 
glucosinolate, 4-pentenyl glucosinolate, 2-hydroxy-3-butenyl glucosinolate, and 2-hydroxy-4-
pentenyl glucosinolate. In this way, canola oil and the meal left after oil extraction are acceptable 
as an edible oil and animal protein feed, respectively.  Canola oil is considered one with the 
highest quality edible oils available (Kandel and Knodel, 2011). 
Morphology of B. napus 
Brassica napus L. is the species of canola produced in North Dakota. This species has 
higher oil content and yield and is more tolerant to diseases than B. rapa. Canola has six growth 
stages: germination, seedling, rosette, bud, flowering and ripening, which are affected by the 
environment, type of soil and temperature (Kandel and Knodel, 2011). The germination stage 
involves the absorption of water, seed coat split and emergence of the root tip; then cotyledons 
are pushed to the soil surface as the seedling emerges from the ground; the germination can 
occur within four to ten days after planting. During the seedling stage, the two cotyledons 
emerge and open exposing the growing point.  At this stage the plant is very susceptible to soil-
borne pathogens and to L. maculans and is a poor competitor to weeds. The seedling stage ends 
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 when the plants produce more than three true leaves. The next stage is the rosette when the plant 
develops four to eight true leaves. During this stage, the leaf area increases rapidly and the plants 
develop their canopy. Bud formation occurs when the hours with sunlight per day lengthen and 
temperatures increase. At this time, in the rosette center a cluster of flower buds emerges and 
secondary branches producing more buds start to develop. The plant reaches the maximum leaf 
area in the bud stage. In B. napus cultivars reach this stage within 40 to 60 days after seedling 
stage depending on the environmental conditions. Flowering starts with the opening of the lowest 
bud in the main stem, and then flowers start to open at a rate of three to five flowers per day. 
Plants will remain in the flowering period for 14 to 21 days.  During the ripening stage seeds 
accumulate dry matter and then start drying, leaves turn yellow and fall from the plant. When 30 
to 40 percent of seeds have changed color from green to brown the crop is ready to be swathed in 
preparation for harvest. 
Production and uses 
  The production of canola is worldwide and China, Australia, India and Canada are the 
largest producers (Canola Council of Canada, 2014 www.canolacouncil.org). China also is the 
largest consumer of vegetable oil in the world while Canada is the largest exporter. In the United 
States canola is produced in the Northern Plains, an area that comprises the states of North 
Dakota, Minnesota, and Montana. North Dakota is the largest producer in the country with 
513,950 ha (1.27 million acres) of canola planted in the 2012 growing season (USDA-NASS, 
2013). The main use of canola is as source of oil for human consumption with the remnant seed 
meal being used as ingredient for concentrate animal food and as forage crop for livestock feed. 
Other uses include as lubricant and for soaps products, and as biofuel, detergent lubrication oils, 
resins or vegetable wax substitute. 
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 Insects and diseases 
 Canola production is affected by environmental conditions, insects, pests, and diseases. 
Some environmental conditions like hail storms, frost damage, extreme relative humidity and 
extreme high temperatures cannot be controlled in the field. The insects pests most commonly 
affecting canola production are; crucifer flea beetles (Phyllotreta cruciferae and Phyllotreta 
striolata), lygus buds (Lygus lineolaris), cutworms of Lepidoptera species and aphids (Kandel 
and Knodel, 2011). Usually most of these pests feed on canola leaves, pods and growing points; 
others insects do not affect the plants directly but by vectoring plant pathogens like Candidatus 
phytoplasma asteris (Lee et al., 2004). There are two main diseases that impact canola 
production in North Dakota: blackleg and sclerotinia stem rot. These fungal diseases cause the 
major economic losses in canola production every year. Other diseases on canola are Alternaria 
black spot, downy mildews and Fusarium wilt. These diseases can be control and manage, using 
resistant hybrids, crop rotation, seed treated with fungicides, fungicides applications, biological 
control, and control of weed hosts. 
Origin and taxonomy  
 B. napus is an amphidiploid species with A and C genome (AACC genome, with 
chromosome n= 19) originated from natural interspecific hybridization between the two diploid 
species B. oleracea (C genome, n = 9) and B. rapa (syn. campestris, A genome, n = 10). The 
genetic relationships between these Brassica species have been defined by U (1935) (Figure 2.2). 
The nature, direction and geographic location of the initial hybridization events that led to the 
generation of B. napus remain unclear, although B. napus seems to be a relatively new species 
because the earliest records of its existence are from 500 years ago and not truly wild populations 
have been recorded. Further, the geographic location where the original hybridization took place, 
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 as well as whether it occurred in a wild or domesticated context also are unknown. Song and 
Osborn (1992) conducted analyses of chloroplast and mitochondrial DNA that suggested 
that B. montana (n = 9) might be closely related to the prototype that gave rise to cytoplasm for 
B. rapa and B. oleracea. It also suggested that B.napus may have had multiple origins, and was 
derived from a cross in which a closely related ancestral species of B. rapa and B. oleracea was 
the maternal donor.  
Nevertheless, recent studies have discarded species containing the C genome as being the 
maternal ancestor of the majority of B. napus accessions. The presence of multiple chloroplast 
haplotypes in B. napus and B. rapa accessions was not correlated with nuclear genetic diversity 
as determined by AFLPs. While some chloroplast diversity observed within B. napus can be 
explained by introgression from inter-specific crosses, there is evidence that the original 
hybridization event resulting in to B. napus occurred on more than one occasion, and involved 
different maternal genotypes (Allender and King, 2010). 
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Fig. 2.3. “Triangle of U” displaying genetic relationship between six Brassica species (U, 1935). 
Resistance to plant diseases 
 The use of genetic resistance to manage plant diseases is one of the most economical and 
environmentally friendly methods available to growers. Resistance can be classified as 
quantitative and qualitative (Poland et al., 2008; Beddington, 2010). Quantitative resistance is 
controlled by several genes; it is often called ‘partial’ resistance because it does not prevent 
pathogens from colonization plant tissues but decreases disease severity and/or epidemic 
progress over time (Chartrain et al., 2004; Brun et al., 2010). As for qualitative resistance, it is 
usually controlled by single, dominant genes which often are quite effective in preventing 
pathogens from colonization plant tissues (Balesdent et al., 2001; Rouxel et al., 2003). 
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 Qualitative resistance is also known as ‘complete’ resistance and follows the gene-for-gene 
interaction. While qualitative resistance is more effective than horizontal resistance, it is 
generally less durable too because pathogen populations could rapidly evolve to overcome it. 
While many diseases affect B. napus production, maladies caused by fungal and bacterial 
pathogens are probably the most common and important. Some important fungal diseases are 
stem canker (blackleg) caused by L. maculans; stem rot (white mold) caused by Sclerotinia 
sclerotiorum (Boland and Hall, 1994); leaf spots caused by Alternaria species (Verma and 
Saharan, 1994); white rust caused by Albugo candida; downy mildew caused by Peronospora 
parasitica; club root caused by Plasmodiophora brassicae; and Fusarium wilt caused by 
Fusarium species (Kandel and Knodel, 2011). In North Dakota the most economically important 
fungal diseases affecting canola production are L. maculans and white mold caused by 
Sclerotinia sclerotiorum.  
Resistance to blackleg 
There two types of resistance to L. maculans, the first is the qualitative resistance and the 
second is the quantitative resistance. The qualitative resistance is governed by single genes and is 
also called race specific resistance. The outcome of an inoculation will depend on whether a 
resistance (R) gene present in the plant matches the avirulence (Avr) gene present in the 
pathogen (Ansan-Melayah et al. 1998). If the Avr gene does not match the R gene of the host 
plant, infection occurs, and the host plant becomes susceptible.  
The quantitative resistance or partial resistance genes, works in a complex of many 
pathogen responses genes, and does not provide a strong selective pressure on the fungal 
pathogen (Zhu et al., 1993; Delourme, et al., 2008).  The presence of quantitative resistance 
increases the durability of the qualitative resistance present in a plant, because it reduces the 
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 probability of a rapid breakdown of resistance. Currently, there are 15 genes in Brassica species 
known to confer resistance against L. maculans. Some of these genes are located in 
chromosomes A10 and A7. Other resistance genes have been introgressed (transferred from a 
related species via interspecific cross followed by backcrossing. For example, Rlm10 was 
introgressed from B. nigra,while Rlm5 and Rlm6 were introgressed from B. juncea B. carinata  is 
another source of highly effective  genes against L. maculans (Rimmer & van den Berg, 1992; 
Howlett, 2004). Still this procedure is developing and the breeders are trying to obtain a new 
cultivar of B. napus with these genes inserted in the genome to produce a durable resistance to L. 
maculans.  
  The mechanisms of resistance of B. napus to L. maculans are both qualitative and 
quantitative. Avirulence genes (AvrLm) in the pathogen and their corresponding resistance genes 
in the host (Rlm) have been identified in B. napus (Ansan-Melaya et al., 1995). Gene-for-gene 
interactions have been described whereby resistance genes (e.g., Rlm1) in the host are matched 
by complementary avirulence genes (e.g., AvrLm1) in the fungus (Ansan-Melayah et al.1998). 
Lately, five resistance genes (Rlm1, Rlm3, Rlm4, Rlm7, and Rlm9) had been mapped and 10 
gene-for-gene interactions have been defined. With this number of interactions, in theory, a total 
of 29 = 512 races of the pathogen could occur (Balesdent et al. 2001; Delourme et al. 2004). As 
for the avirulence genes four unlinked genomic region had been mapped AvrLm1 AvrLm2 
AvrLm3, AvrLm6, and one cluster AvrLm4-AvrLm7, which may be a single multiallelic locus 
(Balesdent et al. 2002). Therefore, there are fourteen major resistance genes (Rlm1-Rlm9 and 
LepR1- LepR4) and polygenic resistance have been identified against specific races of 
Leptosphaeria maculans in B. napus (Delourme et al., 2004; Rimmer, 2006; Yu et al., 2005, 
2008). 
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 Host (Brassica napus) defense responses to L. maculans include necrosis of guard cells 
adjacent to arrested hyphae, phytoalexin, callose, and lignin production. Also the accumulation 
of pectin in the lumen of xylem vessels when the host is inoculated with avirulent isolates of L. 
maculans producing an hypersensitive response (Roussel et al., 1999), and induction of 
pathogenesis with proteins such as 1,3-β-glucanase and chitinase (Howlett et al., 2001).  
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 CHAPTER 3. EVALUATION OF AGGRESSIVENESS OF L. MACULANS 
PATHOGENICITY GROUPS ON COTYLEDONS 
Abstract 
Blackleg disease, caused by Leptosphaeria maculans is one of the most destructive 
diseases of canola (Brassica napus) production worldwide. In North Dakota, yield losses due to 
this disease could amount up to 50%. However in 2002 PG-2 was the predominant pathotype 
while in 2003 and 2004, PG-3, PG-T, and PG-4 were reported for the first time. The first 
objective of these experiments are to evaluate the effect of temperature (15, 20, 25 and 30 oC) 
and L. maculans isolates spore age colonies (7, 10, 14 and 21 day old) on the phenotypic reaction 
of B. napus susceptible cv. Westar. The plants were inoculated at on the cotyledons seedling 
stage with 10µl droplet spore suspension (1x105ml-1). Results shown AUDPC values were higher 
for all PGs isolates when the spore age was between 10-14 days old colonies. The second 
objective are to evaluate the effect of different artificial culture (PDA and V8 agar) and 
temperature (15, 20, 25 and 30oC) on L. maculans isolates. Results shown that L. maculans 
pathogenicity groups (PGs) produce more spores and colony growth on V8 agar and 25-30oC. 
This will helps us to identify the most proliferative and aggressive isolates to be used to select 
resistant materials. 
Introduction 
Blackleg disease is caused by Leptosphaeria maculans (Desm.) Ces. & De Not. 
(anamorph Phoma lingam (Tode ex Fr.) Desm.), and is one of the most important diseases 
affecting oilseed rape (Brassica napus) production worldwide (West et al., 2001). The disease 
causes yield losses estimated at $76.6 million annually in Australia (Elliott et al., 2011) and $72 
million in the United Kingdom (Fitt et al., 2006). In Europe yield losses were estimated at 30% 
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 with a value of $200 million (Hall et al., 1993; Zhou et al., 1999; Barbetti and Khangura, 1999) 
and at > 50% in Canada. In the United States, more than 70% of the area dedicated to production 
of canola is located in North Dakota (NASS, 2014) and yield losses due to blackleg can be as 
high as 45-50% (del Rio Mendoza et al., 2012; Markell et al., 2008) 
Blackleg is making a comeback as a serious threat to the canola industry in North Dakota. 
The first blackleg outbreaks were detected in 1991 in the northeastern area of the state with 
incidences that ranged between 10 to 60%. During that epidemic and in subsequent years the 
most prevalent strains belonged to PG-1 and PG-2 (Lamey and Hershman, 1993). By 1993, the 
seed industry had abandoned production of cv. Westar because it was very susceptible to 
pathogenicity group (PG) 2 strains of L. maculans, the most prevalent group in North Dakota at 
that time (del Rio Mendoza et al., 2012). By the end of the 1990s most cultivars planted in the 
region were resistance to PG-2. In 2003, strains belonging to PG-3 and PG-4 were detected for 
the first time (Bradley et al., 2005). In that same year, PG-T was detected in Western Canada and 
a year later in North Dakota (Chen and Fernando, 2006). A study conducted by Nepal et al. 
(2014) indicated that 56% isolates retrieved from infected stubbles between 2004 and 2009 
belonged to PG-4, 7% and 8% as PG-3 and PG-T respectively and < 1% belonged to PG-2. In 
addition, approximately 21% of isolates could not be classified in any of these groups. This shift 
in prevalence has important implications for the canola seed industry as well as for researchers 
and extension specialists working with canola and canola diseases. Blackleg outbreaks caused by 
strains of PG-4 are becoming more and more frequent and the intensities of these epidemics 
seem to be increasing too. The intensity of epidemics is affected not only by environmental 
factors but also by attributes of the pathogen like their ability to interact with specific resistance 
genes in the host and their aggressiveness among others. The interaction between specific 
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 resistance and avirulence genes has been documented well using sets of differential cultivars and 
the results can be applied to almost any place in the world where the crop and the pathogen 
interact. Studies of aggressiveness, however, have a more localized impact as isolates that are 
prevalent in one region may not necessarily be present in others. Nevertheless, characterizing the 
aggressiveness of different pathogenicity groups would help understand and predict the 
development of epidemics while comparing the relative aggressiveness of isolates within each 
group could allow researchers to identify a set of isolates that could be used to more effectively 
identify sources of resistance against them. , Van der Plank (1963) defined the term 
aggressiveness as “the non-specific component of pathogenicity”. In other words, it describes a 
quantitative component of pathogenicity that is not dependent on the genetic composition of the 
host but on that of the pathogen. In this way, to characterize the true aggressiveness of a 
pathogenic organism one should measure it in a host that does not have resistance genes that may 
affect its performance. This is especially true when one is trying to determine whether a 
particular race or in the case of L. maculans a particular pathogenicity group is more or less 
aggressive than other. The presence of resistance genes in the host would invalidate any 
conclusion reached if one of the groups is incapable of infecting the host due to an incompatible 
gene for gene interaction. Aggressiveness is defined by the Illustrated Glossary of Plant 
Pathology (D’Arcy et al., 2001) as the differential ability of a pathogen to colonize and cause 
damage to plants and can be expressed in different forms, i.e. the size of lesions (severity) caused 
by the pathogen or its the ability to attack plants at different temperatures or even its ability to 
produce spores whether in vitro or in planta. The objectives of this study are to compare the 
aggressiveness of different pathogenicity groups of L. maculans and to identify the most 
aggressive isolates within each groups. 
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 Materials and Methods 
In this study the aggressiveness of PG 2, 3, 4, and T of L. maculans were compared by 
inoculating them on cotyledons of two weeks-old seedlings of cv. Westar. This cultivar was 
selected because it does not contain genes for resistance against L. maculans. Four studies were 
conducted: in the first, spores from 65 isolates representing four PGs and collected from colonies 
of four different ages, 7, 10, 14, and 21 days, were inoculated and incubated at 22oC; in the 
second study, the aggressiveness of these PGs, represented by the four most aggressive isolates 
from each group, were compared at four different temperatures, 15, 20, 25, and 30oC; in the third 
study, mycelial growth and spore production of all isolates was measured at 22oC in two 
culturing media, potato dextrose agar and V8 agar; in the fourth study, PGs were compared for 
their ability to produce spores in V8 medium at 15, 20, 25, and 30oC. Each PG was represented 
by the four most aggressive isolates identified in the first study. All experiments were conducted 
under controlled environment conditions at North Dakota State University.  
Inoculum production  
 A total of 65 L. maculans isolates retrieved from samples collected from 15 North Dakota 
counties (Table 3.1) were used for the first and third studies, while only 16 isolates were used in 
the second study (Table 3.2). Single spore cultures of all these isolates were prepared as 
described by Del Rio Mendoza et al. (2012). Once purified, isolates were kept in deep freeze 
storage (-80°C) until used. Two weeks before starting the experiments the isolates were retrieved 
from storage and inoculated on V8 medium in 9 mm Falcon Disposable Petri Dishes (BD 
Biosciences, Northbrook, Illinois).  
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 Table 3.1. Origin of North Dakota isolates of L. maculans inoculated on canola cv. Westar to 
evaluate their aggressiveness under greenhouse conditions. 
    Pathogenicity Groups 
Counties Isolates 2 3 4 T 
Benson 1 -y - - 1 
Bottineau 8 3 1 1 3 
Cavalier 19 8 5 3 3 
Divide 1 - 1 - - 
Grand Forks 1 - - 1 - 
McHenry 6 - - 3 3 
McLean 6 1 1 2 2 
Mountrail 1 - - 
 
1 
Nelson 1 - - 1 - 
Renville 5 1 1 1 2 
Rolette 2 1 - - 1 
Towner 11 3 4 2 2 
Ward 1 - - 1 - 
Wells 2 1 - 1 - 
Total 65 18 13 16 18 
y Short dash line = No isolate were selected from the county for these studies. 
 
Evaluation of colony age on aggressiveness at 22oC 
 For this study, all 65 isolates were grown on V8 medium. Each liter of medium was 
prepared by combining 837 ml distilled water, 163 ml V8 juice (Campbell Soup Co., Camden, 
NJ), 15 g agar (Bacto-Agar, Becton Dickinson and Co., Sparks, MD), and 3 g CaCO3. The pH of 
the medium was adjusted to 7.2 by adding 1M NaOH before autoclaving. The medium was 
sterilized by autoclaving at 120°C and 103.4 kPa for 20 min. The inoculated plates were 
incubated at 22° C under constant soft white light for 7, 10, 14 and 21 days before the spores 
were harvested. Spores were collected by pouring 1000 µl of sterile distilled water on each dish 
and gently rubbing the colonies with a sterile glass rod. The resulting spore suspensions were 
transferred using pipettes into 2.5 ml plastic vials. The spore concentrations were estimated with 
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 help of a hemocytometer and adjusted to 107 spores·ml-1. These suspensions were placed on ice 
and taken to the greenhouse were they were inoculated on 12 day old seedlings.  
Table 3.2. Origin of L. maculans isolates from four pathogenicity groups used to evaluate the 
effect of temperature on disease progress on cotyledons of cv. Westar growth chamber 
conditions. 
    Pathogenicity Groups 
Counties Isolates 2 3 4 T 
Bottineau 3 2 - - 1 
Cavalier 4 1 2 - 1 
McHenry 1 - y - 1 - 
McLean 3 - - 1 2 
Nelson 1 - - 1 - 
Renville 1 1 - - - 
Towner 3 - 2 1 - 
Total 16 4 4 4 4 
y Pathogenicity group isolate no used for these studies. 
Evaluation of aggressiveness at 15, 20, 25, and 30oC 
Spores from four isolates considered the most aggressive within each of the four PG 
evaluated were produced in V8 medium at 22oC but the spores were harvested from 10 days-old 
colonies. The procedures followed to collect the spores and to adjust the concentrations of the 
resulting spores suspensions to 107 spores·ml-1 were similar to that described above. 
Mycelial growth and spore production at 22oC 
Hyphal tips of the 65 isolates used in this study were obtained by cutting agar plugs 3 
mm in diameter from the edges of 12 days-old colonies growing on V8 medium. These plugs 
were transferred into dishes containing potato dextrose agar (PDA) or V8 agar. The spore 
suspensions of the 65 isolates were harvested from 10 day-old colonies growing on V8 as 
described. One ml of each of these suspensions was spread on individual dishes containing V8 
medium using a glass rod as described.  
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 Mycelial growth and spore production at 15, 20, 25, and 30oC 
Spore suspensions of the four most aggressive isolates from each PG were produced as 
described and inoculated on dishes containing V8 medium as described. The newly inoculated 
dishes were incubated for 10 days at 15, 20, 25, or 30oC before harvesting.  To evaluate the 
aggressiveness of L. maculans isolates at different temperatures (15, 20, 25, and 30°C) we used a 
total of 16 isolates retrieved from samples collected from 15 counties North Dakota (Table 3.2). 
In this study we used the same methods describe above for inoculum production.  
Seedling production and inoculation 
The seeds used in all studies involving inoculation of L. maculans on seedlings of cv. 
Westar were planted in individual plastic cells containing soilless Professional Growing Mix 1 
(SunGro Horticulture Canada, Seba Beach, AB, Canada). At planting time, two seeds of cv. 
Westar were deposited in each cell and after emergence a single seedling was allowed to 
continue growing. To study the effect of colony age on aggressiveness, the seedlings were grown 
and maintained in greenhouse rooms at 22° C with 16 hours light daily. To study the effect of 
different temperatures on aggressiveness, the seedlings were grown and maintained in growth 
chambers (CMP4030 Conviron; Manitoba Canada) set to provide 16 hours with fluorescent soft 
white light and 60% relatively humidity at either 15, 20, 25, or 30° C.  
To inoculate seedlings a wound was made on each cotyledon leaf using a pointy tweezers 
and 10 µl of a spore suspension with 1x105 spores ml-1 were deposited on each wound (Figure 
3.1). Immediately after inoculation, the seedlings were transferred to misting chambers set at 22o 
C where Vicks cool mist humidifiers (V5100NS Vicks® Ultrasonic Humidifier; Southborough, 
Massachusetts) delivered fog-like mist for 30 seconds every 12 minutes. After 24 h, the seedlings 
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 were returned to the greenhouse room at 22o C or to their respective growth chambers. Disease 
progress was recorded at 4, 7, 11 and 15 days after the inoculation.  
   
Figure 3.1. Inoculation method of L. maculans isolates on seedlings of cv. ‘Westar’ under 
greenhouse condition in trials conducted in 2012-2013 in Fargo, ND. (A) tweezers are used to 
wound the cotyledons; (B) 10µl of spore suspension are delivered onto each wound using a 
pipette; (C) reaction to inoculation is recorded 11 days after inoculation. 
Response scoring 
 For the studies that compared aggressiveness of PGs via inoculation of seedlings of cv 
Westar, the reaction of the plants to the fungus was recorded 4, 7, 11 and 15 days after the 
inoculation in two ways: by measuring the area directly affected by the pathogen and by visually 
estimating the area indirectly affected. To estimate the direct effect, the diameter of the area 
visibly affected by the pathogen was measured in two perpendicular directions. To estimate the 
indirect effect, changes in cotyledon color were monitored and recorded using a 0 to 2 scale; in 
the scale,  0=no change in color, both cotyledons remain green; 1= > 50% of the cotyledons 
tissues have turned yellow; and 2= the entire cotyledon tissues have turned yellow and/or have 
been dropped from the plant. During this time, information on the number of seedlings that 
dropped its cotyledons because they were destroyed by the pathogen was recorded too. 
For studies that compared PGs for their ability to grow and produce spores in artificial 
media, data was collected as follow: To compare mycelial growth the colony diameters were 
measured in two directions one perpendicular to the other. Colony sizes were expressed as 
diameter length in mm. To estimate spore production, after 10 days of incubation, 2 ml of sterile 
A B C 
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 water were poured on the colonies and a glass rod was gently rubbed on its surface to suspend 
spores that were oozing from pycnidia. This procedure was repeated three times. The spore 
suspensions were collected and their volume measured. A dilution of 1x105 spores · ml-1 from 
the original spore suspension was used to estimate the amount of spores produced by each isolate 
in a dish. Spore concentrations were estimated using a hemocytometer with a light microscope 
set at 40x (ZEISS Axiostar plus, Focus Precision Instruments, Thornwood, New York). Spore 
production was expressed as number of spores per ml. 
Experimental designs 
For all studies a randomized complete block design (RCBD) with nested arrangement 
was used. To compare aggressiveness of PG as affected by colony age, the factors evaluated 
were PG, isolates nested within PG, and colony age. Each treatment was applied to six seedlings 
and each seedling was considered a replication. This study was conducted twice. To compare the 
aggressiveness of each PG at different temperatures the factors evaluated were PG and isolates 
nested within PG. Due to limitations in the number of growth chambers available, the trials for 
each temperature were conducted separately. In each study treatments were applied to two 
seedlings and each seedling was considered a replication. Each trial was conducted twice. To 
compare PGs for their ability to grow and produce spores in artificial media incubated at 22o C 
each trait was evaluated in separate studies although in each study the factors were the same: PG, 
isolates nested within PG, and media. Treatments in each study had three replications and each 
study was conducted two times. To compare PG for their ability to produce spores in artificial 
media incubated at different temperatures, the factors were: PG and isolates nested within PG. 
Due to limitations in the number of growth chambers available, trials for each temperature were 
44 
 
 conducted separately. Treatments in each study had three replications and each study was 
conducted two times.  
Data processing and statistical analyses 
Trials and replications were considered random effects while colony age, pathogenicity 
groups (PG) and isolates nested within PG were considered fixed effects. Prior to the analyses 
that compared aggressiveness of PG as affected by colony age, the means of cotyledon readings 
were estimated per replication. The quantitative summary of disease intensity over time was 
achieved by calculating the area under the disease progress curve (AUDPC) using (PROC 
MEANS) from SAS version 9.3 (SAS Institute, Inc., Cary, NC). To further characterize the 
isolates within each PG, arbitrary thresholds were used to denominate isolates as non-aggressive, 
lesions smaller than 2mm in size; moderately aggressive, lesions 3-6 mm in size; and aggressive 
if lesions were greater than 7 mm after 15 days of inoculation (Fig.3.2). Also, the number of days 
until the cotyledons appearance changed from green to yellow was estimated. 
Figure 3.2. Scale used to measure aggressiveness of L. maculans isolates on seedlings of cv. 
‘Westar’. (A) 0-2 mm: non aggressive; (B) 3-6 mm: moderately aggressive; (C) 7-9 mm: 
aggressive. 
The AUDPC is a quantitative summary of disease intensity over time, for comparison 
across years, locations, or management strategies. The most commonly used method for 
calculate the AUDPC, is the trapezoidal. This method approximates the time variable (hours, 
A B C 
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 days, weeks, months, or years) and calculates the average disease intensity between each pair of 
adjacent time points (Madden et al., 2007).  The area is calculated as follow 
A𝑘𝑘 = � 𝑦𝑦𝑖𝑖 + 𝑦𝑦𝑖𝑖+12  (𝑡𝑡𝑖𝑖+1 −  𝑡𝑡𝑖𝑖)𝑁𝑁𝑖𝑖−1
𝑖𝑖=1
 
Where, {ti}= time data points in a sequence, where the time interval between two time 
points may be consistent or differ. Also, {yi}= measures of the disease level. Then we define y(0) 
= y0 as the initial infection at t = 0 (the first disease severity observation in our 
experiment).  A(tk), the AUDPC at t = tk, is the total accumulated disease until t = tk.  
To further characterize the isolates within each PG, arbitrary thresholds were used to 
denominate isolates as non-aggressive if the lesions they caused were on average smaller than 2 
mm in size; moderately aggressive if the lesions were 3-6 mm in size; and aggressive if the 
lesions were greater than 7 mm after 15 days of inoculation (Fig.3.2). Also, the number of days 
until the cotyledons appearance changed from green to yellow was estimated. Levene’s test for 
homogeneity of variances was conducted to determine whether the trials could be combined for 
analysis. Upon confirmation of homogeneity a combined ANOVA was performed using a mixed 
linear model (PROC MIXED) from SAS version 9.3 (SAS Institute, Inc., Cary, NC). The sources 
of variation used in the combined analysis are listed on table 3.3. Treatments means separations 
were determined by F-protected least significant difference (LSD) comparisons at α<0.05. Also, 
single-degree-of-freedom contrasts were conducted to compare different PGs and also different 
colony ages. Linear regression analyses were conducted to quantify the rate of change in 
aggressiveness as a function of colony age for each isolate and PG. The models helped visualize 
the interactions between isolates nested within pathogenicity groups and colony ages. Non-
significant slopes (α<0.05) were interpreted as lack of interaction. 
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 To analyze data that compared PGs for their aggressiveness of PGs at different 
temperatures, data preparation was similar to that described for the previous study. The average 
lesion diameter was used to calculate the AUDPC. Since a direct comparison between 
temperatures was not possible, the effect of temperature on aggressiveness of each PG was 
measured using a linear regression analysis. Also, 95% confidence intervals for the mean of each 
temperature were calculated and plotted in figures. 
Results 
Effect of colony age on PG aggressiveness 
 Levene’s test indicated the variances of the trials for aggressiveness were homogenous at 
α<0.05and thus a combined analysis of variance could be conducted. The combined analysis 
indicated statistically significant (α<0.0001) interactions for Colony-age x isolate and for the 
main effects PG (α<0.01) and isolate(PG) (α<0.0001) for AUDPC (Table 3.3).  
Table 3.3. Combined analysis of variance for the area under the disease progress curve (AUDPC) 
produced by Leptosphaeria maculans isolates inoculated on seedlings of cv. Westar under 
greenhouse environmental conditions in trials conducted in 2012 and 2013. 
Source of Variation1 Df2  Mean Square F value Pr>F 
PG     3 225002.00         44.16        0.01 
Isolate(PG)   64 5898.90           9.69 <0.0001 
Colony-age (CA)     3 7076.35           4.64   0.1295 
CA x isolate(PG)  192 1116.11           5.08 <0.0001 
CV (%)   49.76    
1Only fixed effects: pathogenicity groups (PG), colony-age (CA), Isolates, and their 
interactions. 
2Df=degrees of freedom.  
On average the cotyledon leaves remained green until 4 days after inoculation for all 
PG’s except T. The cotyledons of seedlings inoculated with strains of PG-T remained green in 
appearance for 7 days after inoculation. In general, cotyledons turned yellow during 7-15 days 
after inoculation for PG-2, PG-3 and PG-4 (Figure 3.3). 
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 Figure 3.3. Changes in color of cotyledons leaves of cv. ‘Westar’ over time after being inoculated 
with L. maculans isolates from different pathogenicity groups. Bars on columns represent 
standard error.  
Figure 3.4. Effect of colony age and pathogenicity groups on L. maculans isolates aggressiveness 
measured on seedlings cotyledons of cv. ‘Westar’ under greenhouse conditions. Bars on the 
columns represent the standard error. 
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 The figure 3.4 summarizes the interaction between colony age and L. maculans isolates 
from different pathogenicity groups on canola cv. Westar cotyledon leaves. PG-2 was the only 
group that experienced a significant reduction in aggressiveness when the spores used were 
produced by colonies older than 14 days. Overall, however, isolates were more aggressive on the 
canola cotyledons when the colonies ranged between 7-14 days old. When the mean of 
aggressiveness for each PG was calculated, significant differences (α<0.05) were observed 
(Figure 3.5). It was observed that PG-3 and PG-4 were the most aggressive groups but they were 
not significantly different from each other (LSD=2.72). PG-2 was significantly different from 
PG-3, PG-4 and PG-T. As for PG-T, it was the less aggressive group. These results were 
confirmed by the contrast analyses conducted (Table 3.4). 
Figure 3.5. Aggressivenes of four pathogenicity groups of L. maculans expressed as the area 
under the disease progress curve produced within 21 days from inoculation of seedings of 
cultivar Westar. Columns with different letters are statistically different at P<0.05. 
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 Table 3.4. Comparison of the aggressiveness of different pathogenicity groups of L. maculans 
using single-degree-of-freedom contrasts. Means represent the area under the disease progress 
curve calculated 21 days after inoculation of seedlings of canola cv. Westar under greenhouse 
conditions. 
Contrast1 Mean 12 Mean 23 Pr>F4 
PG-2 vs. PG-3 32.33 39.98 <0.0001 
PG-2 vs. PG-4 32.33 39.98 <0.0001 
PG-2 vs. PG-T 32.33 14.05 <0.0001 
PG-3 vs. PG-4 39.98 39.98   0.6022 
PG-3 vs. PG-T 39.98 14.05 <0.0001 
PG-4 vs. PG-T 39.98 14.05 <0.0001 
1PG’s=Pathogenicity groups of L. maculans. 
2Mean 1= the mean of the PG in first term of each contrast. 
3Mean 2= the mean of the PG in second term of each contrast. 
4Significant at P<0.05 and P<0.01 probability levels. 
 
 The regression models produced to quantify the change in aggressiveness as a function of 
the age of the colonies were statistically significant only for eight of the 65 isolates evaluated. 
Each PG had two isolates with significant models (Table 3.5). This means these isolates were 
more sensible to the aging of spores. These models allowed estimating the reduction in 
aggressiveness, for example, the two isolates from PG-2 experienced a reduction of 1.25 and 
2.82 units of AUDPC, respectively, for every day the colonies aged in the medium.  Lesions on 
seedlings developed in almost linear fashion during the 11 days following inoculation; after that, 
not significant increase in lesion size was observed (Fig.3.6). In general, PG-3 and PG-4 
developed lesions faster than PG-T and PG-2. 
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 Table 3.5. Linear regression analysis interaction between isolates and spore age of L. maculans 
on the cv. Westar under a greenhouse environment in Fargo, ND 2012 to 2013. 
PG’s1 Isolate2 Intercept Slope R-Square Pr>F3 
PG-2 BL 1060 51.54        -1.25 0.92 0.03 
PG-2 BL 1803           9.85        -2.82 0.90 0.04 
PG-3 BL 1062 47.61        -0.88 0.94 0.03 
PG-3 BL 1855 25.07        -1.29 0.91 0.02 
PG-4     BL 64 50.62        -1.43 0.98 0.01 
PG-4 BL 1868 73.15        -2.47 0.91 0.04 
PG-T BL 1905 14.97        -0.37 0.94 0.01 
PG-T BL 1912  -2.61         0.68 0.92 0.04 
1 PG’s=Pathogenicity groups of L. maculans. 
2 Isolates of L. maculans. 
3 Significant at P < 0.05. 
 
Figure 3.6. Disease development on cotyledons of canola cv. Westar after inoculation with 
isolates from four pathogenicity groups of L. maculans under greenhouse conditions. 
 
Effect of temperature on PG aggressiveness 
 The combined analysis of variance for AUDPC shows PGs were significantly different (α 
< 0.01) at temperatures of 15 and 30o C, but not at 20 or 25o C (Table 3.6). In contrast, significant 
differences among isolates nested within PGs were detected for all temperatures evaluated 
(Figure 3.7). At 15oC, PG-4 produced the largest AUDPC value, 9.71, and therefore it is 
considered the most aggressive group. At this temperature, PG-2 and PG-3 produced AUDPC 
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 that were not significantly different from each other. Also, the AUDPC produced by PG-T, 2.25, 
was significantly smaller than the one produced by all other PGs. As incubation temperatures 
increased, each PGs became more aggressive (Figure 3.8). Interestingly, however, at 30°C, the 
AUDPC produced by PG-2 was 15% greater (α < 0.05) than the ones produced by PG-3 and PG-
4 and almost 39% greater than that of PG-T.  
Figure 3.7. Effect of temperature AUDPC values at 15°C on the pathogenicity group’s isolates of 
L. maculans aggressiveness under growth chamber conditions measure on seedlings cotyledons 
of canola cv. Westar in the year 2013. Columns with different letters are different at P<0.05. 
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Table 3.6. Combined mean square values for AUDPC produced by L. maculans isolates inoculated on seedlings of canola cv. Westar a 
and incubated at different temperatures (°C) on growth chamber environmental conditions in trials conducted in 2013. 
    Incubation temperatures (o C) 
    15   20   25   30 
Source of 
Variance1 Df
2 MSE3 F-value Pr<F   MSE 
F-
value Pr<F   MSE 
F-
value Pr<F   MSE 
F-
value Pr<F 
PG 3 473.1 390.27 <0.0001   332.76 1.18 0.45   53.32 0.38 0.78   173.71 32.03 0.01 
Isolate(PG) 15 37.43 24.54 0.02   437.61 4.47 0.01   179.65 2.58 0.05   397.48 30.54 <0.0001 
CV (%)   81.01       89.54       82.25       73.86     
1 Fixed effects PG= pathogenicity groups; Isolates(PG)= isolates nested within pathogenicity groups 
2Df=degrees of freedom.  
3MSE= mean square error 
 
 
  
 
Figure 3.8. Effect of temperature AUDPC values at 30°C on the pathogenicity group’s isolates of 
L. maculans aggressiveness under growth chamber conditions measure on seedlings cotyledons 
of canola cv. Westar in the year 2013. Columns with different letters are different at P<0.05. 
 
 Table 3.7 shows the effect of isolates nested within PGs for each incubation temperature. 
In the data analysis the most aggressive isolates at 15°C were BL295 and BL428 from PG-4 
11.25 and 11.04 units, respectively. At 20°C, PG-4 isolate BL295 and PG-3 isolate BL1034 were 
the most aggressive with 20.15 and 17.94 units, respectively. Unlikely, at 25°C the highest 
AUDPC value was produced by an isolate from PG-T BL803 with 20.19 AUDPC units. 
However, the isolates most and least aggressive at 30°C were PG-4 isolates BL295 and BL1864 
with 23.72 and 7.04 units, respectively. Overall, all isolates within PG’s were more aggressive 
on the cotyledons, when temperature rise between 25 and 30°C. Also we can observe more 
clearly in the figure 3.9, that the isolates within PG’s have higher values for AUDPC at 30°C. 
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Table 3.7. Comparison of AUDPC for isolates within PG’s of L. maculans among different 
temperatures on canola cv. Westar cotyledons under growth chamber environment for 2013. 
    AUDPC3  
Pathogenicity Groups1 Isolate2 15 20 25 30 
    (')--------------------------------°C-------------------------- 
PG-2 BL942 3.88 15.52 14.23 21.69 
PG-2 BL951 5.23 12.56 17.58 12.17 
PG-2 BL1100 6.88 8.17 12.50 17.19 
PG-2 BL1773 2.94 6.88 13.60 21.77 
PG-3 BL732 4.42 11.23 17.81 9.92 
PG-3 BL935 1.67 2.63 6.77 14.60 
PG-3 BL1034 5.54 17.94 15.73 20.15 
PG-3 BL1065 6.73 14.65 12.73 9.96 
PG-4 BL295 11.25 20.15 17.19 23.73 
PG-4 BL428 11.04 15.54 18.00 17.00 
PG-4 BL1027 7.06 13.42 17.94 19.38 
PG-4 BL1864 9.48 12.19 8.79 7.04 
PG-T BL803 3.42 19.44 20.19 20.21 
PG-T BL1094 0.92 0.92 12.23 21.73 
PG-T BL1205 2.67 12.83 15.85 7.96 
PG-T BL1923 2.00 3.17 13.65 15.77 
AUDPC means4   5.32 11.70 14.67 16.27 
LSD (0.05)†   0.99 8.85 7.24 2.81 
1Pathogenicity groups of L. maculans. 
2Isolates of L. maculans. 
3AUDPC (area under disease progress curve) at four different temperatures. 
4AUDPC means among isolates. 
†Compare means among isolates for each temperature. 
 
Effect of culture medium on colony growth and spore production  
Levene’s test indicated the variances of the two trials that evaluated the ability of PGs to 
grow on two artificial media were homogenous (α<0.01) and therefore could be analyzed in a 
combined ANOVA. The combined analysis indicated the interaction between media and 
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isolate(PG) as well as the main effects of isolate, media and PG were statistically significant at P 
< 0.02 for spore production and mycelial growth (Table 3.8).   
Colonies produced by PG-4 isolates as a group were larger and significantly different 
than that of other PGs (P < 0.05) when growing on PDA medium (Fig. 3.9) followed closely by 
isolates from PG-T and PG-3, which were not significantly different from each other. As a 
group, isolates from PG-2 produced colonies that were almost 22% smaller than those from PG-4 
and 9% smaller than those from PG-3 and PG-T growing on the same medium, PDA. When 
growing on V8, PG-4 as a group still produced the largest colonies (P<0.05), but those were not 
significantly different from the colonies produced by PG-3 (Fig. 3.10).  The colonies produced 
by PG-2 were not the smallest ones but they still were 20% smaller than those from PG-4 and 
PG-3. The colonies produced by isolates from PG-T were as a group 34% smaller than those 
from PG-4 and PG-3 and 12% smaller than those produced by isolates from PG-2.  
Figure 3.9. Average colony diameters for isolates from four pathogenicity groups of L. maculans 
incubated on potato dextrose agar for 12 days at 22o C. Columns with different letters are 
statistically different at P<0.05. 
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Table 3.8. Combined mean square values for spore production and colony growth of L. maculans isolates on two different artificial 
media conditions in trials conducted in Fargo, ND 2013 to 2014. 
  Spore  Mycelium 
Source of Variation1 Df2 MSE3 F-value          Pr<F  MSE F-value        Pr<F 
PG 3 536989.02 244376      0.001  8729.43 7322.68 <0.0006 
Isolate(PG) 64 112094.90 375461 <0.0001  425.23 1109.56 <0.0001 
Media  1 17643814.77 6856471    0.01  58758.05             637945     0.02 
Media x isolate(PG) 64 89588.20 244992 <0.0001  305.61              791.59      <0.0001 
CV (%)   128.15              38.6    
1Only fixed effects: Media= potato dextrose agar and V8 juice artificial medium; Isolates(PG)=isolates nested within pathogenicity 
groups. 
2 Df= degrees of freedom. 
3MSE= mean square error. 
 
 
 
  
Figure 3.10. Average colony diameters of isolates from four pathogenicity groups of L. maculans 
incubated on V8 culture medium for 12 days at 22o C. Columns with different letters are 
statistically different at P<0.05. 
 
Significant (P<0.05) differences in spore production were detected among the 
pathogenicity groups evaluated (Fig. 311). PG-4 isolates produced on average 44% more spores 
than PG-3 and almost 2.5 times more spores than PG-2 and PG-T when cultured on PDA 
medium. Spore production of PG-2 and PG-T isolates were not significantly different from each 
other (P<0.05). When grown on V8 medium, all groups produced significant greater amounts of 
spores (Fig. 3.12). In general, PG-3 and PG-4 doubled their spore production on V8, while PG-T 
increased it almost five-fold and PG-2 tripled it. Also, PG-4 and PG-2 remained as the largest 
and lowest spore producers, respectively, while PG-T increased its spore production dramatically 
when compared to PDA. As a group, PG-4 produced 51% more spores than PG-2 and PG-3, 
although its spore production was not different than that of PG-3. 
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Figure 3.11. Average spore production of four pathogenicity groups of L. maculans incubated on 
PDA culture medium for 12 days at 22o C.  Columns with different letters are statistically 
different at P<0.05. 
 
 
Figure 3.12. Average spore production of four pathogenicity groups of L. maculans incubated on 
V8 culture medium for 12 days at 22o C.  Columns with different letters are statistically different 
at P<0.05. 
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Effect of temperature on colony growth and spore production  
Significant differences (P < 0.001) were detected at each temperature among PGs as well 
as among isolates evaluated in each of the trials conducted (Tables 3.9 and 3.10). However, the 
ranking of PGs did not remain the same as incubation temperatures increased. At 15o C, the 
average colony diameter for PG-4 isolates was 20 mm after 12 days of incubation, while the 
average diameter for the other three groups was 13 mm (Fig.3.13). This difference in diameter 
made PG-4 colonies 2.4 times larger than colonies of the other three groups. At 20oC, the 
average colony diameter for PG-4 isolates was 40 mm after 12 days of incubation while the 
average diameter for PG-3 and PG-2 was 35 mm, a 15% difference only.  
Figure 3.13. Temperature effect on the colony growth of L. maculans pathogenicity groups in V8 
culture medium. Bars on the columns represent the standard error of the means. 
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Table 3.9. Combined mean square values for colony growth of L. maculans isolates on V8 juice medium at different temperatures  
(°C) of incubation of L. maculans isolates on a laboratory incubator conditions in trials conducted on 2014. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Source of Variance1 Df2 MSE3 F-value Pr>F MSE F-value Pr>F MSE F-value Pr>F MSE F-value Pr>F
PG 3 792 69526 <0.0001 1227 35240 <0.0001 1981 103153 <0.0001 1394 8317 <0.0001
Isolate(PG) 15 276 14393 <0.0001 372 25431 <0.0001 4085 2057 <0.0001 11.2 353 <0.0001
CV (%)
Incubation Temperatures (°C )
15 20 25 30
2Df=degrees of freedom. 
3MSE= mean square error.
58.17 56.14 68.17 62.9
1 Rep= replications; ; PG= pathogenicity groups; Isolates(PG)= isolates nested within pathogenicity groups
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Table 3.10. Combined mean square values for spore production of L. maculans isolates on V8 juice medium at different  
temperatures (°C) of incubation of L. maculans isolates on a laboratory incubator conditions in trials conducted on 2014.  
Source of Variance1 Df2 MSE3 F-value Pr>F MSE F-value Pr>F MSE F-value Pr>F MSE F-value Pr>F
PG 3 887 56806 <0.0001 688 26429 <0.0001 2223 6804 <0.0001 2364 90806 <0.0001
Isolate(PG) 15 157 2751 <0.0001 1344 24579 <0.0001 683 1667 <0.0001 577 24648 <0.0001
CV (%) 53.75 58.17 28.5431.75
15 20 25 30
Incubation Temperatures (°C )
1 Rep= replications; PG= pathogenicity groups; Isolates(PG)= isolates nested within pathogenicity groups
2Df=degrees of freedom. 
3MSE= mean square error.
 
 
  
Figure 3.14. Temperature effect on spore production by L. maculans pathogenicity groups in V8 
culture medium. The bars on the columns represent the standard error. 
 
At 25o C, the average colony diameter for PG-4 isolates was 49 mm after 12 days of 
incubation while the average diameter for PG-2 was 40 mm, a 22% difference. At 30oC, the 
difference in colony diameter was 18% greater for PG-4 compared to PG-2 (Fig 3.13). When 
looking at individual isolates (Table 3.11), isolate BL1864, from PG-4, was the one that 
produced the largest colonies at all temperatures; at 15°C, it produced colonies with a diameter 
of 29 mm; at 25°C, the diameter was 50 mm, and at 30°C, it was 52 mm. Meanwhile at 20°C, the 
PG-3 isolate BL1034 produced the largest colony with a diameter of 45 mm.  
Spore production followed a similar trend (Fig. 3.14) to that observed for mycelial 
growth. At 15o C, the average spore production for PG-4 and PG-3 isolates was 56.5 x 105 spores 
per ml after 12 days of incubation. PG-4 as a group produced almost 10% more spores at this 
temperature than PG-2. However, when incubated at 20oC, the production of spores by PG-2 was 
almost 10% greater than that of PG-4. As the incubation temperatures increased to 25 and 30o C, 
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the differences in spore production became non-significant. When looking at individual isolates 
(Table 3.12), it was clear that PG-4 isolate BL428 was among the most prolific isolates at all 
temperatures evaluated. At 15°C, it produced 59.13 x 105 spores per ml; at 25°C, it produced 
101.63 x 105 spores per ml; while at 30°C, it produced 114.38 x 105 spores per ml. At 20°C, the 
PG-T isolate BL1094 was the most prolific with 85 x 105 spores per ml. 
Table 3.11. Means values for colony growth interaction between pathogenicity groups, isolates 
and temperature of L. maculans on incubator laboratory conditions in Fargo, ND 2014. 
 Leptosphaeria maculans 
pathogenicity Groups 
  Temperature (C°) 
Isolate 15 20 25 30 
    (' -------------------diameter (mm)1----------------------- 
PG-2 BL942 13 35 36 43 
PG-2 BL951 9 32 42 43 
PG-2 BL1100 14 38 41 43 
PG-2 BL1773 18 41 42 45 
PG-3 BL732 13 35 47 50 
PG-3 BL935 9 27 45 48 
PG-3 BL1034 16 45 47 49 
PG-3 BL1065 11 43 46 49 
PG-4 BL295 13 41 49 51 
PG-4 BL428 18 42 48 51 
PG-4 BL1027 19 41 50 51 
PG-4 BL1864 29 41 50 52 
PG-T BL803 11 28 36 42 
PG-T BL1094 15 31 37 41 
PG-T BL1205 10 28 38 42 
PG-T BL1923 14 34 37 41 
Diameter means1   14 36 43 46 
LSD (0.05)†   0.10 0.18 0.10 0.15 
1Diameters are means of four observations. 
†Compare means among isolates for each temperature. 
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Table 3.12. Means values for spore production interaction between pathogenicity groups, isolates 
and temperature of L. maculans on laboratory incubator conditions in Fargo, ND 2014. 
    Temperature (C°)2 
Pathogenicity Groups1 Isolate 15 20 25 30 
    ('---- -----------------Spore (105)----------------------- 
PG-2 BL942 54.56 81.37 97.00 109.13 
PG-2 BL951 44.25 59.88 78.76 92.19 
PG-2 BL1100 51.25 76.38 94.00 106.00 
PG-2 BL1773 57.81 85.00 99.50 108.50 
PG-3 BL732 54.37 65.88 84.38 95.94 
PG-3 BL935 57.06 87.25 101.38 112.50 
PG-3 BL1034 56.44 79.00 92.00 103.25 
PG-3 BL1065 55.63 74.19 92.31 105.00 
PG-4 BL295 55.19 66.06 98.75 110.25 
PG-4 BL428 59.13 79.75 101.63 114.38 
PG-4 BL1027 56.81 65.50 97.88 109.38 
PG-4 BL1864 56.88 65.63 100.25 110.25 
PG-T BL803 47.38 65.25 78.75 89.88 
PG-T BL1094 49.88 85.00 92.00 100.75 
PG-T BL1205 48.13 68.50 82.63 93.38 
PG-T BL1923 50.13 78.88 87.38 100.75 
Spore means4   53.43 73.97 92.41 103.84 
LSD (0.05)†   0.16 0.15 0.44 0.11 
1Pathogenicity groups of L. maculans. 
2Spore production at four different temperatures. 
3Spore means among isolates. 
†Compare means among isolates for each temperature. 
 
Discussion 
In these studies, Brassica napus cv. Westar was used to compare the aggressiveness of 
isolates from different pathogenicity groups of Leptosphaeria maculans. Since most commercial 
canola cultivars planted in North Dakota are either resistant or moderately resistant to isolates 
belonging to PG-2 but not to isolates from PG-3 or PG-4 (del Rio et al, 2012, Nepal et al., 2014) 
using these cultivars would not allow us to determine whether the PGs differ in aggressiveness; 
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 in contrast, cv. Westar does not carry any resistance gene. These studies showed that all isolates 
were capable of infecting the cotyledons, although some differences were noted in the production 
of chlorotic margins as well as in the production of pycnidia.  
Differences in aggressiveness among PG were easier to see when using spores produced 
by three weeks-old colonies compared to those produced by younger colonies. The age of the 
colonies is a factor that affects the overall aggressiveness including spore germination and 
penetration into plant tissues which leads to reduced infection efficiency (Lalancette et al., 1998). 
It is possible that by the time the colonies are reaching the three weeks of age, the nutrients in the 
medium are being exhausted and the concentrations of byproducts of fungal growth and 
secondary metabolites are reaching levels that are toxic to them; after all, all isolates from all 
PGs had reduced activity when the spores were produced by older colonies. This situation is 
expected especially if the organism is being cultured in an artificial medium; however, no 
attempts were made in this study to measure changes in the quality of the incubation medium. 
On the other hand, spores produced by 10-14 days-old colonies were better than those produced 
by 7 days-old colonies. This could happen because spores collected this early may not be mature 
enough. Overall, results of this study suggest that 10-14 day old colonies should be used when 
producing inoculum that will be used to screen materials for resistance. Spores of these colonies 
will be at the peak of their aggressiveness and will have the ability to present an effective 
challenge to the lines being screened.  
It was also observed that cotyledons of seedlings inoculated with isolates from all PGs 
but PG-T were yellowing by the 7th day after inoculation. This could indicate that isolates from 
PG-2, PG-3 and PG-4 may produce metabolites that trigger senescence of cotyledons that were 
not present in isolates from PG-T. Spores from 21 days-old colonies produced in general 35% 
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 smaller lesions; some isolates were so affected by colony age that did not even developed lesions 
on the cotyledons. This was most noticeable on PG-T. The spores from younger colonies (7-14 
day) of isolates from PG-4 and PG-3 were more aggressive than those from PG-2 or PG-T.    
The disappearance of PG-2 from North Dakota fields may have been due to a 
combination of factors. In North Dakota isolates from PG-2 were the most prevalent during the 
1990s. By mid-2000s, prevalence of PG-2 isolates was declining and by 2009, they had almost 
disappeared (Nepal et al., 2014). Soon after blackleg epidemics threatened to be wiped out the 
canola industry of the region, seed companies introduced cultivars with genetic resistance against 
PG-2. However, not all materials were resistant but “moderately resistant”. This means, these 
cultivars did not have the necessary set of vertical genes to protect the plants from infection. This 
provided aggressive isolates that already existed in the population the opportunity to overcome 
the newly incorporated resistance and be able to multiply. Over time, the frequency of this 
isolates has increased slowly and are becoming the most prevalent. This study provides support 
to this idea because it is showing that isolates from PG-3 and PG-4 are more aggressive than PG-
2. If these PG-3 and PG-4 isolates were produced by mutations they would not necessarily be 
more aggressive than PG-2, and would likely become more prevalent by attrition because the 
other isolates would not be able to reproduce (Fundal et al., 2009). Mutations that are more 
aggressive and are capable of defeating newly introduced resistance genes usually reproduced 
and become established much faster. 
 Little information is available about the effect of incubation temperatures on the 
aggressiveness of PGs of L. maculans. The advantage of PG-4 over other PGs at the coolest 
temperature evaluated, 15oC, is of epidemiological importance because in North Dakota those 
are the air temperatures that prevail when canola is at the seedling stage. Infections that start at 
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 the seedling stage and before the canola plants reach the 5th leaf growth stage usually cause the 
greatest economic damage (Marcroft et al., 2005). In this way, PG-4 has the chance to establish 
itself in fields before other groups.  
Temperature affects not only the activity of the pathogen but also that of the host. This 
study showed that PG-4 isolates have the advantage at 15oC, but as temperature increase the 
other PGs catch up.  Badawy et al. (2008) conducted experiments to observe the effect of 
temperature on infection by L. maculans on canola cultivars Quinta, Lirasol and Jet Neuf and 
observed that lesions not only increased in size when the incubation temperature increased from 
18°C to 27°C but at high temperatures the plants suffer heat stress and make them more 
susceptible to blackleg infections. Similar studies were conducted by Huang et al. (2006) who 
investigated the effects of temperature and leaf wetness duration on phenotypic expression 
of Rlm6-mediated resistance on B. napus lines Darmor (lacking Rlm6) and DamorMX (carriying 
Rlm6). In this study the canola leaves were inoculated with L. maculans ascospores or 
pycnidiospores (conidia) carrying the effector gene AvrLm6. Then the plants were incubated at 
different temperatures 5 to 25°C. The researches observe that L. maculans produced large grey 
lesions on Darmor at 5–25°C and DarmorMX at 25°C. But 5–20°C small dark spots on 
DarmorMX. With the increasing temperature/wetness duration, numbers of lesions or spots 
generally increased. L. maculans grew from leaf lesions down leaf petioles to stems on 
DarmorMX at 25°C but not at 15°C. They conclude that temperature and leaf wetness duration 
affects the phenotypic expression of Rlm6-mediated resistance in canola leaves.  
The L. maculans isolates investigated displayed variability in aggressiveness, colony 
growth and spore production on different artificial media and temperature. Overall, PGs isolates 
were more aggressive when the colony age was 7-14 days. It was noted as well that isolates were 
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 more aggressive on seedlings growing at 30°C than at cooler temperatures. Also the colony 
growth of L. maculans isolates cultured on PDA medium was slower compare to that on V8 juice 
medium. Fewer spores were produced when L. maculans isolates were cultured on PDA than on 
V8 medium. Overall the PG’s isolates has more spore production and mycelium growth when 
they are culture on V8 juice medium. This make sense because the V8 juice contains a widely 
variety of vegetables such as beets, carrots, spinach, and tomatoes, while the PDA agar only 
contains potato starches and dextrose.PG-4 isolates had more mycelial growth and produced 
more spores than the others PGs.  
 Other factor that was studied on this research was the effect of temperature on the 
mycelium growth and spore production of L. maculans isolates. In the study we observed that 
PG’s isolates had less mycelial growth when the temperatures were between 15-20°C and when 
the temperatures increased, mycelial growth also increased. A similar pattern was observed for 
spore production; when the isolates were exposed at higher temperature 25-30°C, the spore 
production increased rapidly, but when the temperature were lower the spore production 
decreased. Still we observe that PG-4 isolates has higher mycelium growth and spore production 
when the temperatures were 15, 25 and 30°C compare to other PG’s isolates.  
In our studies, overall PG-4 isolates are the most aggressive compare to the other PGs 
isolates. In North Dakota the incidence of blackleg disease has been increasing since 2004. Were PG-
2 isolates was the most prevalence, until 2009 that L. maculans population shift and the PG-4 
become more prevalence (Nepal, 2013). Several factors may had contribute to the prevalence of PG-
4 isolates such as susceptibility of most commercially available canola cultivars, shortening of crop 
rotations, limited fungicides that eventually the pathogen develop resistance (Marino, 2011). But still 
there is a higher probability that in the future PG-3 and PG-T become more prevalent. I would expect 
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 that these results could be reproducible in plant tissue studies. Meaning that I would expect that the 
PG-4 isolates will produce more spores than PG-2 isolates.    
Effects of temperature on colony growth and spores production can affect the 
aggressiveness of L. maculans pathogenicity groups. Other studies shows that L. maculans 
spores isolates divided on two groups A and B were germinated on water agar at 5-20ºC after 24 
hour of incubation (Huang et al., 2001). The results shows that A-group spores germinated at 
10-20ºC and some B-group spores had germinated at 5-20ºC. As well they observed that when 
temperature increases from 5-20ºC, the spore production increase for both A-group an B-group.. 
But at 15ºC and 20ºC, A-group spores had larger mean diameter (1.8 µm) than B-group spores 
(1.2 µm).  
Related studies on Leptosphaeria lindquistii Frezzi (anamorph: Phoma macdonaldii), 
causal agent of sunflower black stem. In this study 17 isolates of P. macdonaldii were used to 
observe the effect of temperature (5, 10, 20, 25, 30 and 35°C) on the asexual spore 
(pycnidiospores) production and mycelium growth (Roustaee et al., 2001). The results presented 
that 20-30°C was the optimum temperature for mycelium radial growth. Meanwhile, when the 
temperature ranges 15-30°C, pycnidiospores production increases. Similarly results we observe 
in our study, were L. maculans isolates across all pathogenicity groups has optimum mycelium 
radial growth and pycnidiospores production at 25-30°C. This explains that the L. maculans 
isolates are more aggressive when temperature increases, this may be due to toxins production 
or heat stress that makes the pathogen to produce more spores or mycelium to perpetuate their 
survival.  
To summarize this work, we have demonstrated that PG-4 isolates are more aggressive 
than PG-2 although PG-3 was closely behind it and PG-T was the less aggressive. Within each 
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 PG, the most aggressive isolates were identified. These isolates were characterized for causing 
greater levels of disease and because they produced the highest amounts of spores in artificial 
medium. These isolates can be used from now on to evaluate the resistance of breeding 
materials to these PG and will contribute in this way to the development of resistant materials 
against this important disease.  
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 CHAPTER 4. GENERAL CONCLUSIONS 
This work allowed the identification and characterization of the most aggressive isolates 
within each of four pathogenicity groups of Leptosphaeria maculans, the causal agent of 
blackleg on canola.  It also provided evidence that indicates PG-4 and PG-3 are more aggressive 
than PG-2, information that helps explain why strains of PG-2 have disappeared almost 
completely from canola fields in North Dakota and why these two strains are now the most 
prevalent. It was noted that aggressiveness was negatively affected by colony age with higher 
severities being produced by spores from 10-14 days-old colonies. Results from these studies 
also verified that independently of pathogenicity groups, this pathogen can cause high levels of 
disease when incubated between 15 and 30oC. In general, greatest severities were observed at 
warmer temperatures, but one interesting fact was that PG-4 is statistically more aggressive at 
15oC than PG-2. This gives an advantage to PG-4 in field conditions. For inoculum production it 
was evident that V8 was a better medium than PDA. As well the higher temperatures (25-30°C) 
affect positively the spore production and the radial growth of the L. maculans isolates. Giving 
us an idea that the optimum temperatures for the pathogen to developed caused higher disease 
severity are between 25-30°C.   
 With this research we can developed resistance materials to produced resistance canola 
varieties to these PG’s, taking in consideration the most aggressive isolates. However more 
studies should be done to makes us understand more the pathogen-host interactions. For 
example, evaluate these PG’s isolates on the field to observe differences in aggressiveness. 
Further characterization of these PG isolates should be done by toxins production. Also 
molecular assessments could help us to identify the gene that confers aggressiveness. 
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 APPENDIX A. EFFECT OF TEMPERATURE ON DISEASE PROGRESS 
 
Figure A.1. Effect of temperature AUDPC values at 15°C on the isolates within pathogenicity 
groups of L. maculans aggressiveness under growth chamber conditions measure on seedlings 
cotyledons of canola cv. ‘Westar’ in the year 2013. The bars on the columns represent the 
standard error. 
Figure A.2. Effect of temperature AUDPC values at 20°C on the isolates within pathogenicity 
groups of L. maculans aggressiveness under growth chamber conditions measure on seedlings 
cotyledons of canola cv. ‘Westar’ in the year 2013. The bars on the columns represent the 
standard error. 
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 Figure A.3. Effect of temperature AUDPC values at 25°C on the isolates within pathogenicity 
groups of L. maculans aggressiveness under growth chamber conditions measure on seedlings 
cotyledons of canola cv. ‘Westar’ in the year 2013. The bars on the columns represent the 
standard error. 
Figure A.4. Effect of temperature AUDPC values at 30°C on the isolates within pathogenicity 
groups of L. maculans aggressiveness under growth chamber conditions measure on seedlings 
cotyledons of canola cv. ‘Westar’ in the year 2013. The bars on the columns represent the 
standard error. 
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 APPENDIX B. AUDPC MEANS VALUES FOR PGS, ISOLATES AND COLONY AGE 
INTERACTION 
Table B.1 Means for area under the disease progress curve (AUDPC) values for the interaction 
between pathogenicity groups, isolates and colony age of L. maculans on canola cv. Westar 
under a greenhouse environment. 
    Colony age (days)3   
PG's1 Isolate2 7 10 14 21 
Isolate 
means4 
    `------------------------------------AUDPC-------------------------------- 
PG-2         BL 1017 29.23 26.90 32.14 30.04 29.58 
PG-2         BL 1060 42.33 37.67 37.31 24.08 35.35 
PG-2         BL 1071 23.36 26.72 37.14 18.43 26.41 
PG-2         BL 1075 28.86 29.27 36.59 12.87 26.90 
PG-2         BL 1083 41.90 39.90 33.19 34.70 37.42 
PG-2         BL 1084 20.22 30.69 29.85 23.58 26.09 
PG-2         BL 1091 34.22 33.67 33.57 29.43 32.72 
PG-2         BL 1100 32.96 53.45 43.04 34.21 40.91 
PG-2         BL 1154 30.09 39.67 26.79 29.29 31.46 
PG-2         BL 1219 24.40 24.19 28.39 13.45 22.60 
PG-2         BL 1253 36.72 36.09 38.51 21.92 33.31 
PG-2         BL 1773 39.92 49.84 51.55 31.34 43.16 
PG-2         BL 1791 33.71 34.17 37.40 26.82 33.02 
PG-2         BL 483 26.93 28.47 34.28 20.10 27.45 
PG-2         BL 927 24.31 38.01 30.61 21.41 28.59 
PG-2         BL 942 42.39 48.89 36.77 34.69 40.68 
PG-2         BL 951 38.83 41.40 49.81 26.76 39.20 
PG-2         BL 991 38.98 22.74 31.28 21.98 28.74 
PG-3         BL 1034 44.05 40.57 56.50 46.54 46.92 
PG-3         BL 1062 42.83 37.89 33.76 29.42 35.97 
PG-3         BL 1065 43.15 37.20 46.45 49.38 44.04 
PG-3         BL 1097 50.46 35.82 38.25 32.33 39.21 
PG-3         BL 1104 38.35 37.62 34.15 43.36 38.37 
PG-3         BL 1106 45.89 38.63 39.98 32.40 39.23 
PG-3         BL 1790 42.98 39.55 41.12 33.50 39.29 
PG-3         BL 1814 45.84 43.32 45.41 31.44 41.50 
PG-3         BL 1855 37.25 35.09 43.86 52.79 42.25 
PG-3         BL 1884 33.03 38.79 28.29 23.33 30.86 
PG-3         BL 526 32.68 45.28 26.49 28.79 33.31 
PG-3         BL 732 48.89 38.27 40.95 45.59 43.42 
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 Table B.1 Means for area under the disease progress curve (AUDPC) values for the interaction 
between pathogenicity groups, isolates and colony age of L. maculans on canola cv. Westar 
under a greenhouse environment (Continued). 
                              Colony age (days)3 
PG’s1 Isolate2     7           10           14 21 
Isolate 
means4 
`------------------------------------AUDPC--------------------------------- 
PG-3         BL 935 48.75 38.00 43.91 37.59 42.06 
PG-4         BL 1027 61.67 64.71 46.75 53.54 56.67 
PG-4         BL 1161 36.69 36.17 21.71 26.10 30.17 
PG-4         BL 1803 24.63 40.00 56.38 65.25 46.56 
PG-4         BL 1864 58.02 40.23 60.10 57.21 53.89 
PG-4         BL 1868 58.46 49.58 31.50 24.50 41.01 
PG-4         BL 1893 32.21 41.88 39.69 40.29 38.52 
PG-4         BL 1935 12.96 12.46 28.58 18.33 18.08 
PG-4         BL 295 52.44 46.67 56.50 36.92 48.13 
PG-4         BL 303 47.52 33.69 36.23 24.46 35.47 
PG-4         BL 428 59.21 35.42 41.50 52.98 47.28 
PG-4         BL 44 59.24 40.46 43.26 26.93 42.47 
PG-4         BL 532 38.35 43.00 45.10 44.58 42.76 
PG-4         BL 6 20.13 13.33 27.79 17.96 19.80 
PG-4         BL 64 39.29 37.71 30.92 20.04 31.99 
PG-4         BL 674 26.35 42.16 54.50 41.57 41.15 
PG-4         BL 85 50.33 36.13 39.58 56.92 45.74 
PG-T         BL 1094 12.54 23.92 31.41 29.59 24.36 
PG-T         BL 1193 6.34 12.27 11.47 6.33 9.10 
PG-T         BL 1205 19.30 32.71 26.00 26.73 26.18 
PG-T         BL 1217 13.73 20.00 13.13 14.88 15.43 
PG-T         BL 1240 3.58 3.25 10.69 6.29 5.95 
PG-T         BL 1242 8.80 12.15 4.04 4.75 7.43 
PG-T         BL 1797 13.39 17.99 11.71 8.42 12.88 
PG-T         BL 1808 4.46 5.00 5.08 5.35 4.97 
PG-T         BL 1820 19.09 28.16 26.85 26.33 25.11 
PG-T         BL 1886 8.29 10.70 8.91 5.83 8.43 
PG-T         BL 1895 8.63 5.71 8.63 5.71 7.17 
PG-T         BL 19 11.00 5.33 7.43 8.17 7.98 
PG-T         BL 1905 12.25 11.89 9.04 7.42 10.15 
PG-T         BL 1912 2.71 4.67 5.15 12.52 6.26 
PG-T         BL 1923 30.89 36.43 26.63 18.59 28.13 
PG-T         BL 790 22.24 15.72 25.75 13.11 19.21 
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 Table B.1 Means for area under the disease progress curve (AUDPC) values for the interaction 
between pathogenicity groups, isolates and colony age of L. maculans on canola cv. Westar 
under a greenhouse environment (Continued). 
                                Colony age (days)3 
PG’s1 Isolate2     7                 10              14           21 
Isolate  
means4 
`------------------------------------AUDPC--------------------------------- 
PG-T BL 803 31.68 37.59 18.79 20.71 27.19 
PG-T          BL 952 7.42 4.45 7.82 8.06 6.94 
AUDPC means5 31.66 31.57 32.12 27.42 30.69 
LSD (0.05)† 2.88 
LSD (0.05)†† 8.66 
LSD (0.05)††† 11.76 
1PG's=Pathogenicity groups of L. maculans. 
2Isolates of L. maculans. 
3Spore age of L. maculans isolates at 7, 10, 14, and 21 days of being culture on V8 media. 
4Isolates means of AUDPC within isolates.  
5AUDPC means among isolates for each spore age. 
† Compare means within isolates. 
†† Compare means among isolates. 
†††Compare means across isolates by spore age. 
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 APPENDIX C. MEANS VALUES FOR COLONY DIAMETER AND SPORE 
PRODCUTION AT DIFFERENT TEMEPRATURES 
Table C.1. Mean values for colony diameters of L. maculans isolates belonging to different 
pathogenicity groups after 12 days of incubation on artificial culture media. 
PG’s1 
  Culture media3   
Isolate2 V8 PDA Isolates means4 
    `-------------------Colony diameter (mm)------------------ 
PG-2 BL 483 29 35 32 
PG-2 BL 927 45 38 42 
PG-2 BL 942 56 37 47 
PG-2 BL951 47 35 41 
PG-2 BL 991 59 34 46 
PG-2 BL 1017 40 32 36 
PG-2 BL 1060 57 37 47 
PG-2 BL 1071 55 40 48 
PG-2 BL 1075 45 37 41 
PG-2 BL 1083 53 28 41 
PG-2 BL 1084 44 36 40 
PG-2 BL 1091 59 44 52 
PG-2 BL 1100 58 34 46 
PG-2 BL 1154 59 38 48 
PG-2 BL 1219 50 39 44 
PG-2 BL 1253 55 38 46 
PG-2 BL 1773 54 32 43 
PG-2 BL 1791 51 42 47 
PG-3 BL 526 62 54 58 
PG-3 BL 732 46 42 44 
PG-3 BL 935 48 42 45 
PG-3 BL 1034 59 46 53 
PG-3 BL 1062 51 45 48 
PG-3 BL 1065 53 36 44 
PG-3 BL 1097 51 38 44 
PG-3 BL 1104 53 32 42 
PG-3 BL 1106 61 44 52 
PG-3 BL 1790 52 37 45 
PG-3 BL 1814 46 45 45 
PG-3 BL 1855 57 50 53 
PG-3 BL 1884 52 44 48 
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 Table C.1. Mean values for colony diameters of L. maculans isolates belonging to different 
pathogenicity groups after 12 days of incubation on artificial culture media (continued). 
                                                                         Culture media3 
PG’s1          Isolate2      V8 PDA          Isolates means4 
                                                              `-------------------Colony diameter (mm)------------------ 
PG-4 BL 6 52 48 50 
PG-4 BL 44 57 44 51 
PG-4 BL 64 60 49 55 
PG-4 BL 85 52 40 46 
PG-4 BL 295 60 46 53 
PG-4 BL 303 65 52 58 
PG-4 BL 428 61 50 55 
PG-4 BL 532 59 47 53 
PG-4 BL 674 56 51 53 
PG-4 BL 1027 60 49 54 
PG-4 BL 1161 58 50 54 
PG-4 BL 1803 50 44 47 
PG-4 BL 1864 73 51 62 
PG-4 BL 1868 60 51 56 
PG-4 BL 1893 67 50 59 
PG-4 BL 1935 62 41 52 
PG-T BL 19 54 46 50 
PG-T BL 790 47 41 44 
PG-T BL 803 54 51 53 
PG-T BL 952 50 45 47 
PG-T BL 1094 55 45 50 
PG-T BL 1193 54 49 52 
PG-T BL 1205 52 43 47 
PG-T BL 1217 49 47 48 
PG-T BL 1240 58 49 54 
PG-T BL 1242 58 50 54 
PG-T BL 1797 55 46 51 
PG-T BL 1808 58 49 54 
PG-T BL 1820 51 42 47 
PG-T BL 1886 53 44 48 
PG-T BL 1895 52 46 49 
PG-T BL 1905 50 45 48 
PG-T BL 1912 58 49 53 
PG-T BL 1923 54 48 51 
Means5   55 44 49 
LSD (0.05)† 1.67     
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 Table C.1. Mean values for colony diameters of L. maculans isolates belonging to different 
pathogenicity groups after 12 days of incubation on artificial culture media (continued). 
LSD (0.05)†† 4.57         
LSD (0.05)†††5.04         
   1PG's=Pathogenicity groups of L. maculans. 
   2Isolates of L. maculans. 
   3Culture media, V8 = V8; PDA= potato dextrose agar. Values are means of four readings. 
   4Isolates means of AUDPC within isolates.  
   5AUDPC means among isolates for each culture media. 
† Compare means within isolates of the same PG. 
†† Compare means among isolates of all PG. 
†††Compare means of isolates across culture media. 
 
 
Table C.2. Means values for spore production interaction between pathogenicity groups, isolates 
and artificial culture medium of L. maculans on laboratory conditions in Fargo, ND 2013 to 
2014. 
 PG’s1 
  Incubation media3   
 Isolate2 V8  PDA 
Isolates 
means4 
  --Spore production(105ml-1)-- 
PG-2 BL 483 150 28 89 
PG-2 BL 927 96 31 63 
PG-2 BL 942 166 35 100 
PG-2 BL951 148 33 90 
PG-2 BL 991 410 55 233 
PG-2 BL 1017 149 58 103 
PG-2 BL 1060 242 33 137 
PG-2 BL 1071 167 22 95 
PG-2 BL 1075 186 52 119 
PG-2 BL 1083 309 22 166 
PG-2 BL 1084 152 38 95 
PG-2 BL 1091 231 69 150 
PG-2 BL 1100 332 40 186 
PG-2 BL 1154 235 53 144 
PG-2 BL 1219 227 40 133 
PG-2 BL 1253 216 55 136 
PG-2 BL 1773 213 72 143 
PG-2 BL 1791 367 29 198 
PG-3 BL 526 365 92 229 
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 Table C.2. Means values for spore production interaction between pathogenicity groups, isolates 
and artificial culture medium of L. maculans on laboratory conditions in Fargo, ND 2013 to 2014 
(continued). 
 PG’s1 
  Incubation media3   
 Isolate2 V8  PDA 
Isolates 
means4 
              --Spore production(105ml-1)-- 
 
PG-3 BL 732 239 78 158 
PG-3 BL 935 121 78 100 
PG-3 BL 1034 209 70 139 
PG-3 BL 1062 188 81 135 
PG-3 BL 1065 294 44 169 
PG-3 BL 1097 136 45 90 
PG-3 BL 1104 244 53 149 
PG-3 BL 1106 181 65 123 
PG-3 BL 1790 150 75 113 
PG-3 BL 1814 141 77 109 
PG-3 BL 1855 230 88 159 
PG-3 BL 1884 211 89 150 
PG-4 BL 6 65 42 53 
PG-4 BL 44 421 142 282 
PG-4 BL 64 427 133 280 
PG-4 BL 85 203 107 155 
PG-4 BL 295 392 119 255 
PG-4 BL 303 65 52 59 
PG-4 BL 428 573 161 367 
PG-4 BL 532 102 47 75 
PG-4 BL 674 281 105 193 
PG-4 BL 1027 283 101 192 
PG-4 BL 1161 68 54 61 
PG-4 BL 1803 334 105 220 
PG-4 BL 1864 494 155 324 
PG-4 BL 1868 529 148 339 
PG-4 BL 1893 258 112 185 
PG-4 BL 1935 481 132 306 
PG-T BL 19 157 23 90 
PG-T BL 790 332 38 185 
PG-T BL 803 114 18 66 
PG-T BL 952 383 31 207 
PG-T BL 1094 236 38 137 
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 Table C.2. Means values for spore production interaction between pathogenicity groups, isolates 
and artificial culture medium of L. maculans on laboratory conditions in Fargo, ND 2013 to 2014 
(continued). 
 PG’s1 
  Incubation media3   
 Isolate2 V8  PDA 
Isolates 
means4 
              --Spore production(105ml-1)-- 
 
PG-T BL 1193 332 42 187 
PG-T BL 1205 325 29 177 
PG-T BL 1217 297 32 165 
PG-T BL 1240 507 45 276 
PG-T BL 1242 402 45 224 
PG-T BL 1797 372 43 207 
PG-T BL 1808 543 45 294 
PG-T BL 1820 232 23 128 
PG-T BL 1886 340 37 189 
PG-T BL 1895 167 39 103 
PG-T BL 1905 437 56 246 
PG-T BL 1912 544 64 304 
PG-T BL 1923 529 42 286 
Spore means4   280 64 172 
LSD (0.05)† 17.81         
LSD (0.05)†† 49.93         
LSD (0.05)††† 79.71         
1PG's=Pathogenicity groups of L. maculans. 
2Isolates of L. maculans. 
 3Culture media, V8 = V8; PDA= potato dextrose agar. Values are means of four readings. 
 4Isolates means of AUDPC within isolates.  
   5AUDPC means among isolates for each culture media. 
† Compare means within isolates. 
†† Compare means among isolates. 
†††Compare means across isolates by culture media 
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Table D.1. Summary of traits evaluated on L. maculans.  
    Means values of traits evaluted on L.maculans isolates 
PGs1 Isolates2 Aggressive3   Aggressive temp4   Colony5   Spore6   Colony temp7   Spore temp8 
    7 10 14 21   15 20 25 30   PDA V8   PDA V8   15 20 25 30   15 20 25 30 
    
--------days--------
-   ---------0C---------           --------0C---------   ----------0C----------- 
PG-
2 
BL 1100 33 53 43 34   7 8 13 18   34 58   40 332   14 38 41 43   51 76 94 106 
BL 951 39 41 50 27   5 13 18 12   35 47   33 148   9 32 42 43   44 59 78 92 
PG-
3 
BL 1034 44 41 57 47   6 18 16 20   46 59   70 209   16 45 47 49   56 79 92 103 
BL 1065 43 37 46 49   7 15 13 10   36 56   44 294   11 43 46 48   55 74 92 105 
PG-
4 
BL 295 52 47 57 37   11 20 17 24   46 60   119 392   13 41 49 51   55 76 98 110 
BL 428 59 35 42 53   11 16 18 17   50 61   161 573   18 42 48 52   59 79 101 114 
PG-
T 
BL 1923 31 36 27 19   3 13 16 8   43 52   42 529   14 34 37 41   50 78 87 100 
BL 1205 32 38 19 21   2 3 14 16   48 54   29 325   10 28 38 40   48 68 82 93 
1 PGs= Pathogenicity groups of L. maculans. 
2 Isolates of L. maculans. 
3 Aggressiveness of L. maculans isolates on seedlings at 7, 10,14, and 21 days old colonies. 
4 Agressiveness of L. maculans isolates on seedlings at different temperatures 15, 20, 25, and 30°C. 
5 Isolates colony growth on different culture media. 
6 Isolates spore production on different culture media 
7 Isolates colony growth at different temperature different temperatures 15, 20, 25, and 30°C. 
8 Isolates spore production at different temperature different temperatures 15, 20, 25, and 30°C. 
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